BETH  ISRAEL  MEDICAL  CENTER  NEW  YORK  DEPT  OF  PATHOLOGY  F/G  6/19 

STUDIES  ON  THE  MECHANISM  AND  PREVENTION  OF  DECOMPRESSION  SICKNE— ETC <U> 
JUL  62  C  CHRYSSANTHOU  N00014-75-C-0312 


UNCLASSIFIED 


kM 


studies  ori  TMf  m[ch/'::: j-’  and 

PREVENTION  OF  DECOMPRESSION  SICKNESS 
FINAL  TECHNICAL  REPORT 
TR  CONTRACT  NO.  N000.4-75-C-0312 
C.  CHRYSSANTHOU,  M.D. 


STUDIES  ON  THE  MECHANISM  AND  PREVENTION 
OF  DECOMPRESSION  SICKNESS 


BY 

Chryssanthos  Chryssanthou,  M.D. 
Principal  Investigator 


Department  of  Pathology 
Beth  Israel  Medical  Center 
10  Nathan  D.  Perlman  Place 
New  York,  N.  Y.  10003 


Contract  #N00014-75-C-0312 
Office  of  Naval  Research 
June  1,  1968  -  February  28,  1982 


DTI" 

"  V  MJG  2  7  M  : 

v':)  v 

H 


j 


TABLE  OF  CONTENTS 


Pase 

PREFACE . - . - .  Ill 

INTRODUCTION . - .  1 

OVERVIEW  (Summary) . - .  3 

Decompression  Sickness -  3 

Dysbaric  Osteonecrosis -  7 

Dysbaric  Modification  of  the  Blood-Brain  and  Blood-Lung  Barriers —  8 

Pathogenetic  Mechanisms  of  Decompression  Sickness  (chart) -  10 

Activation  or  Release  of  Vasoactive  Agents  by  Gas  Bubbles  (chart)—  11 

Role  of  Vasoactive  Agents  in  Decompression  Sickness  (chart) -  12 

Pathogenetic  Mechanisms  of  Dysbaric  Osteonecrosis  (chart) -  13 

PUBLICATIONS  (under  ONR  Support)  1968-1982 .  14 

DETAILED  REPORTS— . .  19 

Decompression  Sickness:  Pathogenesis  and  Prevention -  21 

Studies  on  Dysbarism  III.  A  Smooth  Muscle  Acting  Factor 

(SMAF)  in  Mouse  Lungs  and  its  Increase  in  Decompression 

Sickness -  23 

Generation  of  SMAF  Activity  in  Blood  by  Gas  Bubbles -  31 

Studies  on  Dysbarism  IV.  Production  and  Prevention  of 
Decompression  Sickness  in  "Non-Susceptible"  Animals -  33 

The  Possible  Implication  of  a  Humoral  Smooth  Muscle  Acting 

Factor  (SMAF)  on  Shock -  43 

Studies  on  Dysbarism  V.  Prevention  of  Decompression  Sickness 
in  Mice  by  Dimethothiazine -  51 

Newer  Concepts  on  the  Mechanism  and  Prevention  of  Decompression 
Sickness -  61 

Pathogenesis  and  Treatment  of  Decompression  Sickness -  65 

Humoral  Factors  in  the  Pathogenesis  of  Decompression  Sickness—  77 

Gas  Induced  Alterations  of  Serum  Lipids -  85 

Amelioration  of  Decompression  Sickness  in  Mice  by  Pretreatment 
with  Cyproheptadine -  91 

Amelioration  of  Decompression  Sickness  by  Combined 

Cyproheptadine- Amphetamine  Treatment -  101 

Dysbaric  Osteonecrosis:  Experimental  Model,  Pathogenesis, 

Predisposing  Factors -  '115 

Animal  Model  of  Human  Disease,  Dysbaric  Osteonecrosis, 

Dysbaric  Osteonecrosis  in  Mice -  117 

I 


Table  of  Contents  (continued) 


Page 


Dysbaric  Osteonecrosis:  Etiological  and  Pathogenetic  Concepts—  123 

Dysbaric  Osteonecrosis  in  Mice -  139 

Dysbaric  Alteration  of  the  Blood-Brain  Barrier -  157 

"Blood-Brain"  and  "Blood-Lung"  Barrier  Alteration  by  Dysbaric 
Exposure -  159 

Increased  Blood-Brain  Barrier  Permeability  to  Tetracycline 

in  Rabbits  under  Dysbaric  Conditions -  185 

Modification  of  the  Blood-Brain  Barrier  by  Smooth  Muscle 

Acting  Factor  (SMAF) -  195 

Reversibility  of  Dysbaric  Alteration  of  the  Blood-Brain 

Barrier -  199 


II 


7 


Acoasr.lon  For 
NT  IS  ORAM 

rmc  TAB  T. 

U:v?aaounc»d  L  i 

loatta?4-£i 


By— 

Distribution/ 
Availability  CocV.i 
.Avail  and/or 
Disl  '  Spocial 


ft 


PREFACE 


This  is  a  Final  Technical  Report  on  our  investigations  on  the  pathogenesis  and 
prevention  of  dysbaric  disorders  conducted  under  ONR  Contract  #N00014-75-C-0312 

f 

\from  June  1,  1968  to  February  28,  1982. 

4! 

The  studies  focused  on  three  main  areas:  Decompression  Sickness,  Dysbaric  Osteo¬ 
necrosis  and  Dysbaric  Alteration  of  the  Blood-Brain  Barrier.  On  decompression 
sickness,  attempts  were  made  to  elucidate  pathogenetic  mechanisms.  Several  hypo¬ 
theses  were  advanced  and  novel  pathogenetic  concepts  were  proposed.  On  the  fc^sis 
of  new  theoretical  considerations  we  were  able  to  develop  means  for  the  prevention 
or  amelioration  of  the  disease.  Regarding  dysbaric  osteonecrosis,  we  developed 
an  animal  model  which  permitted  studies  on  the  etiology  predisposition  and  patho¬ 
genesis  of  the  disorder.  The  most  recent  investigations  covered  by  this  report 
involve  dysbaric  modification  of  blood-tissue  barriers,  an  observation  which  was 
made  in  our  Laboratories  few  years  ago. 


-The  report  includes  an  overview  (summary)  of  the  investigations  conducted  in  these 
areas  with  references  to  pertinent  publications.  In  lieu  of  detailed  description 
of  the  work  done,  reprints  of  representative  articles  have  been  attached.  We  hope 
that  this  material  might  be  of  help  to  those  interested  in  the  fields  of  dysbaric 
disorders. t 


I  am  grateful  to  the  Office  of  Naval  Research,  U.S.  Navy,  for  the  support  and 
cooperation  that  made  these  investigations  possible.  "My  appreciation  and  thanks 
is  also  extended  to  my  collaborators,  Drs.  F.  Teichner  and  G.  Goldstein  and  to 
G.  Molenje,  S.  Marrin,  0.  Yalis,  J.  Rice  and  E.  McManus,  for  their  technical  and 
secretarial  assistance. 


Chryssanthos  Chryssanthou,  M.D. 
Attending  Pathologist,  BIMC 
Professor  of  Pathology,  MSSM 


July  12,  1982 
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INTRODUCTION 


Technological  advances  in  the  last  30  years  made  it  possible  for  man  to  dive  deeper 
into  the  seas  and  climb  higher  into  the  atmosphere  and  the  space  beyond.  The 
expending  industry  of  off  shore  drilling,  the  popularity  of  scuba  diving  and  other 
accelerated  commercial,  military,  scientific  and  recreational  activities  are 
responsible  for  more  people  getting  farther  away  from  the  surface  of  our  planet 
more  often  and  for  longer  periods. 

Exposure  to  compressed  air  environments  and  underwater  conditions  is  associated 
with  potential  hazards  including  dysbaric  disorders.  The  most  common  serious 
disorder  resulting  from  exposure  to  pressure  changes  is  decompression  sickness 
which  may  develop  following  decompression  from  higher  to  lower  or  sea  level 
pressures  (divers,  caisson  workers)  or  from  atmospheric  to  sub-atmospheric 
pressures  (aviators,  astronauts).  In  addition  to  the  immediate  and  overt  manifes¬ 
tations  of  dysbaric  disorders,  pressure  changes  can  cause  potentially  serious 
conditions  which  exhbit  no  obvious  clinical  signs  (e.g.,  blood  brain  barrier 
alterations)  or  develop  after  long  latent  periods  (osteonecrosis).  These  silent 
or  latent  disorders  are  not  necessarily  associated  with  decompression  sickness  and 
can  develop  in  the  absence  of  the  disease.  Because  of  these  considerations,  physio¬ 
logic  problems  related  to  the  effects  of  pressure  changes  have  assumed  greater 
importance  and  renewed  attention  has  been  focused  on  the  etiology,  mechanism, 
prevention  and  treatment  of  dysbaric  disorders.  No  significant  progress  in  the 
prevention  and  treatment  of  these  conditions  is  expected  as  long  as  their  patho¬ 
genesis  remains  obscure.  Under  ONR  support,  we  conducted  for  14  years  intensive 
biomedical  investigations  on  the  mechanism  and  prevention  of  dysbaric  disorders. 

Our  work  was  presented  in  many  national  and  international  meetings  and  resulted  in 
38  publications. 


-1- 


Introduction  (continued) 


Among  our  contributions  in  the  field  of  dysbarism  is  the  theory  that  development  of 
dysbaric  disorders  depends  not  only  on  the  direct  mechanical  effects  of  gas  bubbles 
but  also  on  complex  secondary  changes  triggered  by  intravascular  or  tissue  bubbles 
which  do  not  necessarily  produce  clinical  manifestations  ("silent"  bubbles).  Smooth 
muscle  stimulating  substances,  e.g.,  bradykinin,  histamine,  serotonin,  prostaglandins 
and  SMAF  (a  new  factor  reported  from  our  laboratory),  are  thought  to  be  implicated 
in  the  pathogenesis  of  decompression  sickness  and  in  other  dysbaric  disorders.  On 
the  basis  of  this  theory  we  were  able  to  develop  means  for  the  amelioration  and 
even  prevention  of  decompression  sickness  in  mice.  The  effectiveness  of  our  prophy¬ 
lactic  treatment  was  subsequently  confirmed  by  other  investigators  working  with 
dogs  and  hamsters.  SMAF  which  has  been  isolated  in  various  tissues  of  several 
species,  including  humans,  appears  to  play  a  role  not  only  in  dysbaric  disorders 
but  also  in  other  pathologic  conditions  such  as  shock. 

Another  contribution  made  by  our  studies  is  the  observation  that  dysbaric  exposure 
can  cause  alteration  of  the  blood-brain  barrier.  We  also  proposed  the  possible 
involvement  of  blood-bubble  interface  activity  in  the  mechanism  of  dysbaric  phenomena 
and  provided  data  suggesting  activation  of  humoral  factors  by  gas  bubbles. 

The  spectrum  of  our  research  on  dysbaric  disorders  also  includes  significant  work 
on  dysbaric  osteonecrosis.  Our  laboratories  developed  an  animal  model  suitable 
for  clinical,  histological  and  biochemical  studies  on  this  bone  lesion.  This  model 
which  has  recently  been  included  in  the  handbook,  "Animal  Models  of  Human  Disease" 
of  the  Armed  Forces  Institute  of  Pathology,  has  successfully  been  used  by  us  and 
other  investigators  in  research  on  the  etiology,  pathogenesis,  predisposing  factors 
and  possible  prevention  of  dysbaric  osteonecrosis. 

The  following  overview  of  the  studies  conducted  from  1968  to  1982  and  the  charts 
that  summarize  proposed  pathogenetic  mechanisms  present  a  synopsis  of  our  ONR 
supported  investigations.  Details  of  this  work  can  be  found  in  the  attached 
reprints  of  related  publications. 
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OVERVIEW 


DECOMPRESSION  SICKNESS 

Decompression  sickness  (DS)  in  caisson  workers,  divers,  or  aviators,  although  it 
differs  in  the  circumstances  of  development  and  progression  of  the  process, 
involves  the  same  fundamental  mechanism  and  thus  exhibits  many  similarities  in 
its  manifestation.  Despite  uncertainties  regarding  the  origin,  site,  and  mode  of 
action,  gas  bubbles  are  generally  accepted  as  the  basic  initiating  factor  in  the 
production  of  the  disorder. 

Gas  bubbles  are  formed  first  in  tissues  and  the  venous  circulation,  appearing 
later  in  the  arteries.  The  formation  and  growth  of  gas  bubbles  in  tissues  and 
blood  have  several  direct,  as  well  as  indirect,  potentially  detrimental  effects. 
They  may  obstruct  blood  flow  and  results  in  ischemia  and  infarction.  Expanding 
bubbles  in  muscles  and  tendons  may  cause  pain  by  distorting  and  deforming  nerve 
endings.  Ischemia  and  release  or  activation  of  humoral  agents  may  also  contribute 
to  the  production  of  pain.  Gas  bubbles  arising  in  the  vessels  and  lipid-rich 
tissues  of  the  brain  and  spinal  cord  or  air  embolization  of  the  central  nervous 
system  could  be  responsible  for  neurologic  manifestations,  and  embolization  to 
the  lung  could  contribute  to  the  respiratory  signs  of  the  disease. 

The  bubble  theory,  however,  is  not  all-inclusive  and  leaves  an  appreciable  deficit 
in  our  understanding  of  various  phenomena  and  problems  in  dysbaric  disorders. 

Signs  of  DS  may  develop  without  evidence  of  circulatory  obstruction  by  gas 
bubbles,  and  gas  bubbles  can  exist  without  manifestation  of  the  disease  (the  so- 
called  "silent"  bubbles).  Furthermore,  gas  bubbles,  or  at  least  their  direct 
effects,  cannot  explain  certain  complications. 

It  seems  plausible  that  gas  bubbles  only  initiate  a  complex  and  self-propagating 
disease  process,  the  development  and  seriousness  of  which  depend  more  on  the 
involvement  of  biohumoral  and  other  factors  than  on  the  gas  bubble  itself. 

Note:  The  numbers  on  the  superscript  refer  to  the  list  of  publications. 


-3- 


Overview  (continued) 


Fat  emboli  produced  by  decompression  injury  to  bone  marrow  and  adipose  tissue  or 
resulting  from  a  gas-induced  disruption  of  lipoprotein  linkages  in  the  blood,  have 
been  implicated  in  the  pathogenesis  of  the  syndrome.  Alterations  of  serum  lipids 
produced  by  exposure  to  compression-decompression  or  by  bubbling  air  have  been 
reported  by  our  laboratory. 5 ^  Clumping  of  red  blood  cells  was  considered  a 
secondary  complicating  factor  as  early  as  1938.  Disseminated  intravascular 
coagulation  associated  with  a  fall  in  the  circulating  platelet  count  may  also  play 
an  important  pathogenetic  role. 

Many  of  the  previously  mentioned  complicating  factors  may  be  the  result  of  surface 
activity  of  the  bubbles.  Intravascular  gas  bubbles  may  act  as  foreign  surfaces 
to  cause  denaturation  of  plasma  proteins,  clumping  of  red  blood  cells,  platelet 
aggregation  and  adhesion,  coalescence  of  plasma  lipids,  and  activation  of  the 
Hageman  factor,  which  in  turn  could  result  in  activation  of  the  coagulation  mecha¬ 
nism,  of  the  kinin  system,  and  of  other  humoral  agents. ^ 3,15,16 ,19^  Gas-induced 
osmosis  resulting  in  changes  of  water  concentration  in  certain  tissues  has  also 
been  recently  considered  as  a  factor  in  DS  and  dysbaric  osteonecrosis. 

Our  studies  on  dysbaric  disorders  led  us  to  theorize  that  smooth  muscle-stimulating 
substances  (vasoactive  agents)  are  implicated  in  the  pathogenesis  of  DS.  (See 
charts  1,2  and  3).  This  concept  is  based  on  the  following  observations  which 
were  made  in  our  laboratories  in  the  last  two  decades. 

a)  Several  of  the  histologic  changes  seen  in  animals  injected  with  bradykinin 
resemble  the  pathologic  alterations  observed  in  DS.  (Aerospace  Med.  35:741- 
746,  1964) 

b)  Administration  of  bradykinin  to  animals  subjected  to  compression-decompression 
intensifies  pathologic  alterations  and  increases  mortality  in  DS.  (Aerospace 
Med.  35:  741-746,  1964) 
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Overview  (continued) 


c)  Compounds  which  combine  activities  against  bradykinin,  histamine  and  5- 
hydroxytryptamine  when  administered  prior  to  compression  prevent  or  decrease 
the  intensity  of  pathologic  changes  and  significantly  reduce  mortality  in 

DS.  (4»18»31»33  and  Aerospace  Med.  35:741,  1964)  Dimethothiazine  (migristene) , 
2- (phenyl piperazinlymethyl )-cyclohexanone  (PPCH)  and  cyproheptadine  are  most 
effective  in  preventing  DS.^18’31^ 

d)  The  activity  of  a  new  humoral  Smooth  Muscle  Acting  Factor  (SMAF)*  increases 
in  DS.*3) 

e)  SMAF  administration  after  compression  and  just  prior  to  altitude  decompression 
increases  susceptibility  of  thin  mice  to  DS.^ 

f)  PPCH  counteracts  this  effect  of  SMAF  and  prevents  development  of  DS.^ 

g)  PPCH  blocks  the  in  vitro  potentiating  effect  of  SMAF  on  bradykinin.^ 39 ^ 

h)  Preliminary  experiments  suggest  that  SMAF  increases  and  PPCH  decreases^ 39 ^ 
blood  coagulability. 

i)  Preliminary  experiments  also  suggest  that  SMAF  induces  platelet  aggregation 

.  while  dimethothiazine  (migristene),  which  prevents  DS,  acts  against  platelet 

{  ,  g  ) 

aggregation,  as  a  "platelet  protector".'  ' 


*SMAF  which  was  isolated  in  our  laboratory  originally  from  mouse  lung  was  sub¬ 
sequently  found  in  several  species  (rabbit,  rat,  mouse,  dog,  human)  and  in  a 
variety  of  organs.  Currently,  it  is  being  prepared  from  human  placenta.  SMAF 
is  a  polypeptide  with  physical,  chemical  and  pharmacological  properties  distinct 
from  those  of  similar  substances.  The  most  striking  activity  of  SMAF  is  its 
ability  to  increase  responsiveness  of  smooth  muscle  to  stimulants.  In  addition 
to  its  involvement  in  DS,  SMAF  has  also  been  implicated  in  hemorrhagic  and 
endo toxic  shock. 
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Overview  (continued) 


j)  Blood  or  plasma  subjected  to  compression-decompression  or  bubbled  with  air 
exhibits  an  increase  in  smooth  muscle  stimulating  activity  and  in  SMAF 
levels. (15-19)  This  increase  is  not  entirely  dependent  upon  formed  elements 
of  the  blood.  The  activity  is  not  attributable  to  histamine,  acetylcholine 
or  5-hydroxytryptamine.  Polypeptides  may  account  for  at  least  part  of  the 
smooth  muscle  stimulating  activity. ^ 15^ 

The  above  observations  clearly  indicate  that  administration  of  smooth  muscle 
stimulating  substances  increases  susceptibility  or  aggravates  DS  while  inhibitors 
or  antagonists  of  these  substances  prevent  or  ameliorate  the  disease.  Our  experi 
ments  also  show  that  extracts  from  animals  or  from  blood  subjected  to  compression 
decompression  exhibit  an  increase  in  smooth  muscle  stimulating  activity. 

These  findings  led  to  a  new  pathogenetic  concept.  According  toour  theory,  smooth 
muscle  stimulating  factors  released  or  activated  in  DS  by  a  variety  of  possible 
triggering  mechanisms  (e.g.,  gas-blood  interphase  phenomena,  Hageman  factor, 
enzymes  released  from  injured  or  anoxic  cells,  etc.)  (see  chart  2)  induce  tissue 
responses  that  could  contribute  to  the  production  of  the  syndrome  (e.g.,  circu¬ 
latory  changes  favoring  nucleation  and  growth  of  gas  bubbles;  respiratory  changes 
including  bronchoconstriction  and  perivascular  edema  which  could  interfere  with 
elimination  of  nitrogen  and  also  cause  respiratory  distress;  production  of  pain; 
aggregation  of  platelets;  increased  vascular  permeability  contributing  to  hemo- 
concentration  and  to  hypovolemic  shock)  (see  chart  3). 

These  pathogenetic  considerations  provided  the  basis  for  a  novel  pharmacologic 
approach  to  the  prevention  or  amelioration  of  DS.  The  DS-preventing  effect  of 
dimethothiazine  (a  drug  approved  for  certain  clinical  applications  in  Europe  and 
Canada)  reported  from  our  laboratories  has  attracted  the  interest  of  several 
investigators.  r  ,.perimental  work  done  in  other  laboratories  indicates  that 
dimethothiazine  protects  dogs  against  decompression  sickness,  (Bull.  Medsubhyp. 


No.  12,  p.  87,  1975)  thus,  confirming  our  original  observations. 

The  drugs  which  prevent  DS  also  cause  a  varying  degree  of  drowsiness  probably 
because  of  their  antihistaminic  effect.  This  action  is  undesirable  and  also 
raises  the  question  as  to  whether  central  depression  caused  by  these  compounds 
plays  a  role  in  their  prophylactic  effect. 

Preliminary  studies  suggest  that  cyproheptadine,  one  of  the  drugs  that  prevents 
or  ameliorates  DS,  retains  its  protective  effect  when  its  sedative  action  is 
neutralized  or  counteracted.^33^  Further  investigations,  however,  are  required 
to  establish  the  effectiveness  of  this  treatment. 

DYSBARIC  OSTEONECROSIS 

Dysbaric  osteonecrosis  (DO)  is  a  potentially  crippling  disease  which  has  recently 
been  recognized  as  a  major  hazard  in  individuals  subjected  to  large  changes  in 
ambient  pressure.  The  incidence  of  the  lesion  is  alarmingly  high  ranging  from 
4%  in  Royal  Navy  divers  to  60%  in  Japanese  diving  fishermen.  The  disorder  has 
also  disabled  pilots  who  have  been  exposed  to  hypobaric  conditions  and  men 
subjected  to  simulated  high  altitudes. 

It  is  important  to  remember  that  DO  is  a  latent  lesion,  not  necessarily  associ¬ 
ated  with  decompression  sickness  and  can  develop  after  many  years  in  subjects 
who  never  experienced  any  dysbaric  manifestations. 

The  etiology  and  pathogenesis  of  the  disease  are  still  obscure.  Lack  of  a 
suitable  animal  model  is  one  of  the  reasons  for  slow  progress  in  this  field.  We 
developed  an  experimental  osteonecrotic  lesion  with  close  similarities  to  the 
human  disease  and  several  other  advantages.  Our  animal  model  which  has  been 
included  in  the  Fascicles,  "Animal  Models  of  Human  Disease"  of  the  Armed  Forces 
Institute  of  Pathology^ 36^  has  been  successfully  used  by  us  and  other  investi- 
gators(8,l0’21,26’27*3',  and  Proc.  7th  Symp.  Underwater  Physiol.,  p.  837,  1981) 
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for  studies  on  the  incidence,  pathogenesis  and  predisposing  factors  of  DO.  A 
total  of  2,500  bones  of  animals  subjected  to  dysbaric  conditions  were  histologi¬ 
cally  examined  in  our  laboratories.  Our  investigations  yielded  data  which  led  to 
the  following  conclusions: 

a)  Dybaric  osteonecrosis  can  be  experimentally  produced  in  mice,  particularly 
in  obese  strains 

b)  There  is  a  latent  period  of  several  months  before  the  lesion  is  manifested 

c)  In  obese  mice,  the  incidence  is  greater  and  the  latent  period  shorter  than 
in  thin  siblings 

c)  With  multiple  exposures,  the  incidence  is  higher  and  the  latent  period 
shorter  than  with  single  exposure 

d)  With  stage  compression,  the  incidence  is  lower  than  with  rapid  compression 

f)  Dysbaric  osteonecrosis  in  mice  appears  to  be  independent  of  decompression 
sickness 

g)  The  pathogenesis  of  dysbaric  osteonecrosis  may  involve  several  initiating 
and  contributing  factors  that  act  in  concert  or  in  sequence.  (See  chart  4.) 

DYSBARIC  MODIFICATION  OF  THE  ''BLOOD-BRAIN  AND  BLOOD-LUNG  BARRIERS" 

The  presence  of  a  blood-brain  barrier  has  long  been  established.  A  blood-lung 
barrier  has  been  proposed  to  explain  failure  of  certain  circulating  substances 
to  penetrate  pulmonary  tissue  (Proc.  XVI  Int’l.  Congr.  Zoology  <2:87,  1963).  In 
1976  we  reported  that  dysbaric  exposure  appears  to  "break"  these  barriers. ^23^ 
Intravenously  injected  dyes  (e.g.,  trypan  blue)  were  found  in  significantly  higher 
concentrations  in  lung  and  brain  tissue  of  animals  which  were  subjected  to  dys¬ 
baric  conditions  than  in  corresponding  controls. ^ 2 The  extent  of  dye  permeation 
into  the  tissues  was  evaluated  by  gross  and  microscopic  examination  and  by 
spectrophotometric  determination  of  dye  concentration  in  tissue  extracts.  Sub¬ 
sequently,  it  was  shown  that  dysbaric  exposure  also  modifies  brain  permeability 
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to  antibiotics. ^ 30 ^ 

These  findings  which  have  been  confirmed  by  other  investigators  (Neurology  66:238, 
1979)  have  both,  theoretical  and  practical  implications.  Dysbaric  alteration  of 
blood-organ  barriers  and,  particularly,  of  the  blood-brain  barrier  is  relevant  and 
important  in  dysbaric  medicine  for  several  reasons  including  the  possible  impli¬ 
cation  of  such  alterations  in  the  pathogenesis  of  decompression  sickness.  Another 
consideration  which  is  noteworthy,  is  that  increased  permeability  of  the  blood- 
brain  barrier  under  dysbaric  conditions  may  be  important  regarding  pharmaco¬ 
therapy  of  persons  subjected  to  such  conditions.  Alteration  of  the  barrier  in 
divers  and  compressed  air  workers  may  allow  certain  drugs  to  enter  the  brain  in 
larger  amounts  and  produce  toxic  or  undesirable  effects.  Finally,  modification 
of  the  blood-brain  barrier  by  dysbaric  exposure  may  suggest  new  methods  for 
therapeutic  or  diagnostic  administration  of  compounds  that,  under  normal  condi¬ 
tions,  do  not  penetrate  the  barrier  or  do  so  to  a  very  limited  extent. 

The  mechanism  of  dysbaric  blood-brain  barrier  modification  is  still  obscure. 

Among  various  pathogenetic  considerations,  it  was  hypothesized  that  cerebral 
vessel  permeability  may  increase  by  the  action  of  chemical  agents  released  or 
activated  by  gas  bubbles.  We  have  shown  in  this  regard,  that  SMAF,  which 
increases  vascular  permeability  and  is  activated  by  dysbaric  exposure  in  vivo^ 
as  well  as  by  gas  bubbles  in  vitro,^15^  alters  the  blood-brain  barrier  when 
injected  intracarotidly  into  rabbits/35^  We  also  explored  reversibility  of 
dysbaric  alterations  of  the  blood-brain  barrier.  Preliminary  studies  yielded 
data  suggesting  that  the  barrier  is  restored  in  24  hrs  after  dysbaric  exposure. ^37^ 
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Studies  on  Dysbarism:  III.  A  Smooth 
Muscle-acting  Factor  (SMAF)  in 
Mouse  Lungs  and  Its  Increase  in 
Decompression  Sickness 

Chryssanthos  Chryssamhou,  Frit/  Teichner,  Gilbert  Goid- 
stein,  John  Kalberer,  Jr.,  and  William  A.vtopol 
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Chrvssanthoi-,  C..  F  C  Goldstein.  J  Kal- 

bfrfr,  Jr  .  and  W.  Antopol.  Studies  on  dysbarism  III  A  smooth 
muscle-acting  factor  {SMAF)  tn  mouse  lungs  and  its  increase  in 
decompressum  sickness.  Aerospace  Med.  41  ( 1  i :  43*48.  1970 

A  smooth  muscle-acting  factor  (SMAF)  was  derived  front 
mouse  lungs.  The  procedure  for  extraction  and  partial  purifica¬ 
tion  is  described.  SMAF  was  shown  to:  (I)  elicit  contraction  of 
smooth  muscle,  (2)  potentiate  smooth  muscle  contractions  pro¬ 
duced  by  bradykinin,  acetylcholine,  5-hydroxytryptamine  and 
histamine -and  (3)  increase  vascular  permeability.  The  activity 
of  SMAF  was  significantly  higher  in  lung  tissue  from  animals 
subjected  to  compression-decompression  than  in  lung  tissue  of 
equal  weight  from  controls.  SMAF  is  probably  a  polypeptide  or 
a  mixture  of  polypeptides.  Physicochemical  and  pharmacological 
properties  differentiate  SMAF  from  other  polypeptides  with  simi¬ 
lar  actions.  The  possible  role  and  significance  of  SMAF  in  the 
pathogenesis  of  decompression  sickness  is  discussed 


*TT  WAS  PREVIOUSLY  REPORTED  that  bradykinin 
•■■and  possibly  other  humoral  smooth  muscle  stimulat¬ 
ing  substances  may  be  implicated  in  the  pathogenesis  of 
decompression  sickness.'*  This  hypothesis  was  supported 
by  the  following  observations:  (1)  Several  of  the  his¬ 
tologic  changes  seen  in  decompression  sickness  are  simi¬ 
lar  to  those  produced  by  bradykinin,  (2)  bradykinin 
intensifies  the  pathologic  alterations  and  increases  mor¬ 
tality  in  decompression  sickness,  (3)  bradykinin  antagon¬ 
ists  and  certain  anti-inflammatory  compounds  ameliorate 
•  or  prevent  development  of  the  disease  as  evidenced  by 
_ the  striking  reduction  in  mortality  and  absence  or  de¬ 
crease  in  severity  of  the  pathologic  changes. 

Seeking  more  direct  evidence,  the  possibility  that 
smooth  muscle  stimulating  or  sensitizing  substances  are 


This  investigation  was  supported  by  the  Office  of  Naval  Re¬ 
search,  Department  of  the  Navy,  under  Contract  #N00014-68-A- 
0393  (NR  101-735),  the  Saul  Singer  Foundation  and  the  1-enore 
Weinstein  Fund. 


released  or  activated  in  decompression  sickness  was  ex¬ 
plored.  The  present  communication  concerns  a  smooth 
muscle-acting  factor  (SMAF),  extracted  from  mouse 
lungs,  the  activity  of  which  increases  in  decompression 
sickness. : 

MATERIAL  AND  METHODS 

Production  of  Decompression  Sickness:  Hereditary 
obese  hyperglycemic  mice  which  are  susceptible  to  de¬ 
compression  sickness’  were  employed.  These  animals, 
weighing  3S-65  grams,  were  obtained  from  Jackson 
Memorial  Laboratories,  Bar  Harbor,  Maine.  They  were 
housed  in  metal  cages  in  animal  rooms  with  controlled 
temperature  (71  ±  2C'F)  and  relative  humidity  (50%) 
and  were  fed  Purina  Laboratory  Chow  and  water  ad 
libitum. 

Decompression  sickness  was  produced  in  these  ani¬ 
mals  by  a  method  previously  described.* 

Preparation  of  SMAF:  In  each  experiment,  lung  ex¬ 
tracts,  were  prepared  from  two  groups,  one  consisting  of 
five  mice  subjected  to  compression-decompression,  the 
other  of  five  controls.  A  total  of  14  experiments  were 
performed.  In  the  extraction  procedure,  precautions 
were  taken  to  avoid  or  minimize  the  possibility  of  in 
vitro  activation  of  smooth  muscle  stimulating  substances, 
and  to  protect  active  substances  against  enzymatic  de¬ 
gradation.  As  soon  as  the  animals  were  sacrificed  (in 
the  experimental  group  the  animals  that  did  not  succumb 
were  sacrificed  20  minutes  after  decompression),  the 
lungs  were  rapidly  excised,  pooled  according  to  group, 
weighed,  and  immediately  placed  in  IN  hydrochloric 
acid  (300  mg  of  lung  tissue/ml)  in  a  boiling  water  bath 
for  ten  minutes.  During  this  heating  period,  the  lungs 
were  minced  and  homogenized  by  means  of  a  glass 
tissue  grinder  with  teflon  pestle  or  by  sonication.  Fol¬ 
lowing  heating,  the  homogenates  were  rapidly  cooled 
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in  an  icc  hath,  soybean  trypsin  inhibitor  (200  mcg/ml 
homugenute)  was  added,  and  the  pi  I  was  raised  to  7.0. 
After  centrifugation  to  remove  coarse  particulate  matter 
the  supernatants  were  dialyzed  against  30  volumes  of 
deionized  water  for  24  hours.  The  dialysatcs  were  con¬ 
centrated  under  reduced  pressure  in  a  boiling  water 
bath,  and  seven  volumes  of  absolute  ethanol  were  added. 
The  precipitate  formed  was  removed  by  centrifugation 
and  discarded.  The  supernatant  was  placed  in  a  boiling 
water  bath  and  evaporated  to  dryness  under  reduced 
pressure.  The  residue  obtained  was  extracted  with  90% 
ethanol,  the  extract  was  centrifuged  and  the  supernatant 
mixed  with  four  volumes  of  ethyl  ether.  The  precipitate 
formed  was  desalted  on  Sephadex  G-10  and  then  frac¬ 
tionated  on  Sephadex  C-25.  When  the  absorption  at 
270  inn  was  plotted  against  the  Sephadex  G-25  fraction 
number,  the  resulting  curve  showed  two  distinct  peaks. 
The  first  peak  was  completely  separated  from  the  sec¬ 
ond  by  repeated  passage  through  the  column.  The 
cluates  constituting  the  first  peak  were  collected,  lyo- 
philized  and  used  for  bioassavs  and  other  tests.  This 
material  will  be  referred  to  as  SMAF.  an  acronym  de¬ 
rived  from  “smooth  muscle-acting  factor.” 

Bioassays:  The  bioassays  for  detecting  and  estimating 
smooth  muscle  stimulating  and/or  sensitizing  activities 
of  SMAF  were  carried  out  on  isolated  guinea  pig  ileum 
and  hen  rectal  cecum  suspended  in  a  5  ml  bath  of  con- 


Fig.  1.  A.  Contrasting  effects  of  SMAF  and  of  bradykinin  9n 
rat  duodenum.  SMAF  (5  mg  wet  lung  tissue/ml  bath),  BK 
(bradykinin  20  ng/ml  bath),  w  (washing).  B.  Comparison  of 
smooth  muscle  stimulating  activity  of  SMAF  from  controls  and 
from  decompressed  animals  on  rat  uterus.  SMAFc  •  (controls, 
5  mg  wet  lung  tissue/ml  bath),  SMAFn.j  (decompressed  5  mg 
wet  lung  tissue/ml  bath),  BK»  and  BK,.  (bradykinin  5  ng  and 
10  ng'ml  bath),  w  (washing). 


tinuously  oxygenated  (S)5%  O  and  5%  GO  I  Tyrode’s 
solution  ;it  34  G  and  on  rat  uterus  and  duodenum  sus¬ 
pended  in  a  5  ml  bath  of  continuously  oxygenated  Dc- 
Jalon’s  solution  at  28  G  and  34  C  respectively.  G- 
tractions  were  recorded  on  a  Grass  polygraph.  In  on. 
to  detect  and  estimate  smooth  muscle  stimulating  ac¬ 
tivity,  SMAF  from  animals  subjected  to  compression- 
decompression  and  from  controls  were  introduced  into 
the  bath  alone  and  the  responses  elicited  by  correspond¬ 
ing  doses  (derived  from  equal  amounts  of  wet  lung 
tissue)  were  compared  to  each  other  and  to  those  pro¬ 
duced  by  known  amounts  of  bradykinin.  When  smooth 
muscle  sensitizing  activity  to  bradykinin,  5-hydroxytryp- 
tamine.  acetylcholine  and  histamine  was  to  be  assessed, 
SMAF  was  introduced  into  the  bath  and  after  2-3 
minutes,  without  washing,  followed  by  the  addition  of 
one  of  the  above  agents.  Whenever  SMAF  potentiated 
the  effect  of  any  of  the  smooth  muscle  stimulating  sub¬ 
stances,  the  potentiation  test  was  repeated  and 
“bracketed”  by  responses  to  the  smooth  muscle  stimulat¬ 
ing  substance  alone.  In  some  bioassavs  SMAF  was  pre¬ 
ceded  by  introduction  into  the  bath  of  chymotrypsin  in 
order  to  determine  whether  this  agent  sensitizes  the 
muscle  to  SMAF.  According  to  Ederv’s  findings,c-; 
which  were  confirmed  in  our  laboratories,  chymotrypsin 
sensitizes  guinea  pig  ileum  to  various  kinins,  but  not  to 
substance  P,  eledoisin,  and  angiotensin.  All  bioassays 
were  repeated  two  or  three  times  on  the  same  muscle 
preparation  and  at  least  once  on  another  muscle  prepa¬ 
ration. 

Permeability  S tiulies:  The  effect  of  SMAF  on  vascular 
permeability  was  studied  by  utilizing  the  “blueing”  of 
the  rabbit’s  skin  method.  Pontamine  blue  (37  mg/kg) 
was  injected  intravenously  in  rabbits.  Fifteen  minutes 
later  SMAF  from  decompressed  and  control  animals 
was  intradermally  injected  in  the  depilated  abdominal 
skin  at  different  sites.  One  hour  after  the  intradcrmal 
injections  the  intensity  and  diameter  of  the  resulting 
“blueing”  was  recorded.  In  some  experiments,  a  mix¬ 
ture  of  SMAF  and  bradykinin  or  SMAF  and  histamine 
was  injected  in  order  to  explore  the  possibility  that 
SMAF  may  potentiate  the  effect  of  these  agents  on  vas¬ 
cular  permeability.  The  volume  of  each  intradermal  in¬ 
jection  was  0.1  ml. 

The  following  substances  were  used  in  these  investi¬ 
gations:  soybean  trypsin  inhibitor  (5x  cryst.)  (Mann  Res. 
Lab.,  Inc.),  synthetic  bradykinin  (Sandoz),  serotonin 
creatinine  sulfate  (Mann  Res.  Lab.,  Inc.),  histamine  di¬ 
hydrochloride  (Fisher  Scientific  Go.),  acetylcholine  bro- 


TABLE  l.  COMPARISON*  OF  ACTIVITY  OF  SMAF  FROM  DECOMPRESSED  ANIMALS  AND  CONTROLS 


Effect  on 
Smooth  Muscle 


Stimulating  13  11  1  1  PcO.001 

Sensi  tiling***  14  9  2  3  P<0  05 

•SMAF  preparations  from  decompressed  animals  and  controls  were  compared  in  corres|>onding  doses  (Derived 
from  equal  amounts  of  wet  lung  tissue). 

**ln  each  experiment  two  SMAF  preparations  were  made.  One  from  the  pooled  lung  tissue  of  !»  animals  sub¬ 
jected  to  compression-decompression,  the  other  from  the  pooled  lung  tissue  of  5  controls. 

•••Increase  of  the  smooth  muscle  responsiveness  to  bradvkinin. 
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Greater  Activity  Greater  Ac.ivity 

Total  No.  In  Decompressed  In  Controls  Equal  Activity  Statistical 

Experiments**  (No.  Experiments)  (No.  Experiments)  (No.  Experiments)  Significance 


si  ri'ii  .s  on  i>\  >i< \i.is\t  in.  >M  \r  cmnssw  mnu,  i  r  ,\l.. 


inide  (M.tthcsou  Coleman  ix  Brll\  cr\ stulhnc  chvmo- 
trvpsin  (NliU's  Chiinir.il  Co.),  c.nho\yp<  ptid.isc  B  DM' 
,W  in thin;;!oid.  p\  libcn/.imine  hydinc  Mi n  ide  (( ,'iba).  SO 
10,  f'  H  (anti  sciotoniu  (miipiminl.  Si piihli),  at  i  opine  Mil 
f.itr  (Bin  toughs  AW  Hi  diih'  OnA.  pnntamiuc  sky  Mur 
(iBX  (DuPont). 

BF.SIT.TS 

l.jjul!,  i  n  /m  Pi £iii is.  Most  SM  \F  picpar.itions. 

Both  f:  om  lontiols  .uul  fiom  animals  subjected  to  iiim- 
l»rss;on  decumpi  cssion,  elicited  slow  u  spouses  of 
euiiua  (lie  ileum  and  lat  uterus  le.semMme  those  pro¬ 
duced  I  a  la  idykinin.  SMAF  also  pi  od  need  contras  lions 
ol  i.it  dtiodi mini  and  lien  ivital  cei  uni  in  contrast  to 
1  >i .it )y  k min.  which  caused  u  laxation  or  Bad  no  elfect 
i  Figure  1  A).  When  SN1AF  from  animals  subjected  to 
i  onii'u  ssion  (lei  iimincssion  was  coinpaiod  to  that  fiom 
die  (onliol  gioup  in  i  ni  responding  doses,  the  foimcr 
piodiiied  an  apprci  iahly  greater  response  in  most  of  the 
cxprijiuents  (Table  1).  Figure  IB  shows  that  SMAF 
fmm  control  animals  in  a  dose  corresponding  to  5  mg 
of  wet  lung  tissue 'ml  of  Bath  elicited  a  contraction  of 
the  rat  uteius  eipial  to  that  produced  By  3  ng  of  Brady- 
kinin  nil  of  hath.  A  corresponding  dose  of  SMAF  fiom 
animals  subjected  to  (.(impression  dceompicssion  pro¬ 
duced  approximately  a  twofold  greater  i espouse,  cor¬ 
responding  to  10  ng  Brads  kinin  'ml  of  Bath. 

In  addition  to  its  smooth  muscle  stimulating  activity. 
SMAF  increased  the  sensitivity  of  smooth  muscle  to 
bradykinin,  histamine,  acetylcholine  and  3-hydroxytryp- 
tamine.  flic  potentiation  of  Bradykinin  was  of  greater 
magnitude  and  more  constant  (Ban  that  of  the  other 
agents.  Figure  2  shows  that  SMAF  extracted  from  com- 
prcsscd-dccomprcssed  animals  corresponding  to  2.5  mg 
of  wot  lung  tissue 'ml  of  hath  increased  the  response 
produced  by  5  ng  of  bradykinin.  ml  of  hath  to  that  cor¬ 
responding  to  10  ng  of  bradx  kinin.  In  most  experiments. 
SMAF  from  animals  subjected  to  compression -decom¬ 


A 


minutes 


pression  exhibited  a  gieati  i  potentiation  of  ! a. idykinin 
than  did  ciuicspimding  doses  of  SM  Ah  fiom  control 
.tliimah  (Table  I)  (I'igmc  21.  A  dose  response  iclatioil- 
hij)  was  obseived  between  the  mnomit  of  SM  Ah  and 


rrur.ufes 

Fig.  2.  (' mp-tiNon  of  the  hi.u!\ kiuiii  potentiating  .ufivity 

of  SMAF  fiom  i  -i»f mis  and  from  d<x < unp/c on  rat 
uterus.  HKj  ami  BKS.  ( hradykinin  5  ng  ami  10  ng/ml  hath), 
SMAFi'is  (oMitiols  2.3  mg  wet  lung  ti-vnr  ml  Kith),  SMAFi. 

.h  x  i  mpu-'w  d  2.3  mg  wet  long  thou.  nil  Kith),  w  (w. idling). 
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bk20 


bk20 
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Fig.  3.  Dum’  risputtve  itl at iondiip  of  the  Kadxkinin-poten- 
tialing  activity  of  SMAF  on  rat  uterus.  OK*.  ( hradv kinin  20 
ng  ml  hath),  SMAF-,  S\!AF»«  anti  SMAF,»  (3  mg,  10  mg,  and 
13  mg  wet  lung  tissue  ml  hath),  w  (washing). 
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Fig.  4.  A.  F fleet  of  antihixtaminies,  antiv  rotonin  compound 
and  atropine  on  the  smooth  mustfc  vlimiilating  activity  of  SMAF 
on  guinea  pig  iktim.  SMAF*  (5  mg  wot  lung  tissue 'ml  hath), 
I’VR  (p>iiheii/amine  0.2  mtg  'ml  hath),  SQ  ( SQ  10643  0.2 
meg 'ml  hath),  AT  (atropine  0.2  mtg'ml  hath),  \v  (washing). 


B.  Kffrct  of  carho\\ pipfidasc  B  nu  flu*  Miiuoth  muscle  stimulat¬ 
ing  and  v  nsiti/ing  activity  of  SMAF  on  rat  uterus.  BK,  (hrady- 
kinin  1  ng 'ml  hath),  SMAF*  (5  mg  wet  lung  tissue 'ml  hath), 
SMAFs  cr  (Same  as  SMAF*.  hut  im  uhated  with  ( arhoxypepti- 
dasc  B),  w  (washing). 

Aerospace  Medicine  •  January,  1970  45 


su  nn  s  on  msHAiusM  111.  s\i  u  unnsswriioii,  i;r  al. 


(In'  dcgii'i'  of  potentiation  (Figiuc  3).  SMAF  in  doses 
which,  liy  tlii’insi  ’vcs,  did  not  elicit  i  onti  notion  in¬ 
creased  the  sensitivity  of  smooth  musele  so  that  it  re¬ 
sponded  i'\cii  to  siihthicslmld  doses  of  hi ady kinin.  The 
musele  stimulating  activity  .is  will  as  the  potentiating 
effeet  of  SMAF  well'  not  inhihileil  1  >\  ant diisl.iniinies, 
atropine,  or  antiseiotonin  compounds  (Figmc  IA).  hut 
w  ei  i'  abolished  or  mnikedly  dei  reased  w  hen  S\|  A F  was 
incubated  with  i aibovy peptidase  II  (1  meg  30  mg  wet 
long  tissue)  piior  to  its  intiodm  lion  into  die  oig.ui  hath 
(Figure  IB).  The  degiee  of  SMAF  inactivation  hy  ear- 
how  peptidase  B  was  dini  tlv  iclati-d  to  the  ini  iiliaS  it  >ti 
period. 

When  SMAF  was  ti  sled  follow  ing  addition  of  i  by  mo- 


Fig.  5.  Cenip.irisiin  of  the  effeet  of  SMAF  from  controls  and 
from  iloeoiiipresseil  animals  on  vascular  penncahility  ( “liliiciiig" 
of  rabbit's  skin),  I.C  (SMAF  from  nmtiols.  25  mg  wet  lung 
tissue),  I.D  (SMAF  from  deeomprcsseil  animals.  25  mg  wet  lung 
tissue),  UK  ( hi.ntyMiiin  1  meg). 


trypsin  to  the  hath  (0.2  mg  nil  of  hath),  its  -month 
musele  stimulating  activity  was  m.ukcdlv  potentiated, 
(.'hv  niolivpsin  sensiti/eil  the  rat  oleins  to  SMAF  to  a 
gi  eater  degiee  than  it  did  to  hradv  1  in  in.  '■inn',  follow  ing 
ehvniiitivpsiii,  Mihthii'shulil  doses  of  SMAF  elii  itrd  re¬ 
sponses  greater  than  those  produced  In  ahove  dm  sliold 
dow  s  of  hi. ul\  'kinin. 

I'.fficl. s  mi  Primnihility:  SMAF  hoth  from  animals 
snhji  i  ti  d  to  compression  decompression  and  from  ion- 
Irols  i i ic Teased  vascular  pei meahility,  as  evidenced  by 
the  pioiliiclion  of  “hlneing”  in  the  i.ihhit’s  skin.  SMAF 
fiom  i  nmpi  essed-dei  onipiessed  animals  produced  "hh ic¬ 
ing”  ov  er  a  larger  area  and  of  greater  intensity  than  did 
i  oiiespondiiig  doses  of  SMAF  from  control  animals 
(Figure  5).  The  effect  of  hradykinin  anil  histamine  on 
vascular  pomicabilitv  was  increased  when  these  sub¬ 
stances  wen-  mixed  with  SMAF.  It  was  not  possible, 
however,  to  determine  whether  this  was  a  potentiating 
or  an  additive  effect. 

Physieochi  niical  Puymtics:  Considering  the  extrac¬ 
tion  and  purification  procedures  of  SMAF,  it  can  he 
slated  that  the  active  agont(s)  is  heat  stable  (100’C), 
dials /able,  water  soluble,  ethanol  soluble,  and  ethyl 
ether  insoluble.  Tile  fact  that  it  is  dialy/ahle  and  can 
lie  inactivated  by  intubation  with  carboxypeptidase  B 
suggests  that  the  active  faetor(s)  is  a  polypeptide  or  a 
mixture  of  polypeptides  of  relatively  small  molecular 
w  eight. 

Diffcicntiulion  flaw  Other  Similar  Polypeptides: 
SMAF  shares  many  of  its  phy  sicochemical  character¬ 
istics  and  biological  effects  with  a  number  of  known 
polypeptides,  but  it  cannot  be  identified  as  any  single 
one  of  them.  Table  11  presents  some  of  the  differences 
between  SMAF  and  some  other  biologically  active  poly- 


T.VBl.E  II  DIFFERENCES  BETWEEN  SMAF  AND  SOME  BIOLOGICALLY  ACTIVE  I’OLYFEIT IDES 


Brady-  Subs. 

Angio¬ 

VjNO- 

Oxy¬ 

Peptide 

Kuta- 

SMAF 

kinin  P 

tensin 

pievvin 

tocin 

B* 

BPM* 

pressin4 

Ethanol  (Abs. )  soluble 

Vcs 

Slightly 

Inartisated  by 

Yes 

No 

No 

carboxypeptidase  B 

Contraction  of 

Yes 

No 

rat  uterus 

Contraction  of  guinea 

Yes 

Relax¬ 

No 

pig  ileum 

ation 

Contraction  of 

Yes 

Relax¬ 

No 

No 

rat  duodenum 

ation 

Contraction  of  hen 

Yes 

Relax¬ 

Relax¬ 

Relax¬ 

rectal  cecum 

ation 

ation 

ation 

Inhibited  by  atropine 

No 

Pai  tially 

(guinea  pig  ileum) 

Potentiated  by 

Yes 

No 

No 

chymntrypsin 

Potentiates  hradykinin 

Yes 

No 

Potentiates  5-HT 

Yes 

No 

Potentiates  histamine 

Yes 

No 

No 

Potentiates  acetylcholine 

Yes 

No 

Increases  capillary 

Yes 

Not  in 

No 

No 

High 

permeability 

rabbits 

doses 

only 

*A  hradykinin  potentiating  peptide  released  from  fibrinogen  by  thrombin  (wo  ref.  II) 
**A  hradykinin  potentiating  factor  obtained  from  make  venom  (see  ref.  9) 

***A  hradykinin  potentiating  liver  extract  (see  ref.  14) 
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pi  ptides  .ind  ugcnts  which  have  bci  n  npui ti  ll  to  polcn- 
ti.iti'  In .idyki'niii.9-"-'4 

niscrssioN 

I  lie  data  pn-viiti-d  indicate  tli.it  SMAF  prepared  by 
I  lie  methods  deser ihed  is  capable  of  eliciting  smooth 
muscle  contractions,  of  enhancing  tin-  responses  of 
smooth  muscle  to  la  nils  hinin.  5-1  i\iln>\\  ti  >  pt.n  nine,  aec- 
tyleholini*  anil  histamine,  .mil  of  im-iiasing  vascular 
pi  i  on  ability.  I'lie  im  lease  ill  tin1  magnitude  of  con- 
tiaetion  elicited  by  smooth  muscle  stimulating  sub¬ 
stances  follow  ing  aili  lit  inn  oi  SMAF  to  I  he  m  gnu  bath  is 
interpreted  as  a  potentiation  ot  their  action.  This  con¬ 
clusion  is  based  on  the  fact  that  the  ini  lease  in  the 
magnitude  of  control  tinn  was  in  excess  of  that  expected 
if  it  Mi  i c  dm  mciely  to  an  addilix e  effect. 

I  lie  c\  let  chemical  composition  of  SMAF  has  not 
been  delcimined.  Its  dialy/ability  and  its  inaetix ation 
In'  prot.  ohtie  enzymes-  suggest  a  poll  peptide  nature 
Fm  flier  pm  ideation  and  character ization  of  SMAF  is  in 
pi i egress.  The  possibility  that  fbe  smooth  muscle  stimu¬ 
lating  activity  of  SMAF  is  due  to  the  presence  of  his¬ 
tamine,  5  h\ droxv  tryptarnine  or  aeetv  leholine  can  be 
ruled  out  on  at  least  three  counts:  the  method  of  SMAF 
preparation,  its  cn/yinatic  inactivation  hy  carhoxs  pepti¬ 
dase  B,  and  the  fact  that  anlihistaminics.  atropine,  and 
antiseiotonin  compounds  did  not  inhibit  smooth  muscle 
responses  elicited  by  SMAF.  'Die  enzymatic  inactivation 
of  SMAF  also  excludes  tin*  possibility  that  its  smooth 
muscle  sensitizing  activity  might  be  due  to  thiol  com¬ 
pounds  (Glutathione,  cysteine)  which  have  been  re¬ 
ported  to  potentiate  the  response  of  guinea  pig  ileum 
to  binilyhium.11' 

SMAF  resembles  several  smooth  muscle  stimulating 
polypeptides,  particularly  bradyhinin,  with  which  it 
shares  many  physicochemical  characteristics  and  phar¬ 
macologic  effects.  In  view  of  the  above  and  considering 
the.-  implication  that  SMAF  is  a  new  factor  of  poly¬ 
peptide  nature,  its  differentiation  from  similar  biologi¬ 
cally  active  polypeptides  is  necessary.  Table  II  sum¬ 
marizes  some  of  the  differences  between  SMAF  and 
other  similar  smooth  muscle  stimulating  or  sensitizing 
agents. 

The  fact  that  the  activity  of  SMAF  extracted  from 
animals  subjected  to  compression-decompression  is 
greater  than  that  of  SMAF  extracted  from  equal  amounts 
of  lung  tissue  from  control  animals  suggests  that  SMAF 
may  be  released  or  .activated  in  decompression  sickness. 
Tin's  further  supports  the  original  hypothesis  that  smooth 
muscle  stimulating  substances  arc  involved  in  decom¬ 
pression  sickness.4  The  presence  of  SMAF  in  lung  ex¬ 
tracts  of  obese-hyperglycemic  mice  is  not  unique,  since 
it  was  also  found  in  thin  mice*  as  well  as  in  rabbits.3 

The  role  of  SMAF  in  tire  pathogenesis  of  decompres¬ 
sion  sickness  may  he  due  to  its  direct  effects  on  smooth 
muscle  and  on  vascular  permeability  as  well  as  to  its 
potentiation  of  the  effects  of  humoral  factors  with 
smooth  muscle  stimulating  activity.  Direct  effects  on 
smooth  muscle  could  cause  bronchoconstriction  and  cir¬ 
culatory  changes  which  may  influence  decompression 


sickness  in  a  way  similar  to  that  postulated  for  luaily- 
kinin.'  I'lie  incicased  vascular  peimeability  piodnied 
b)  SMAF  could  cause  extras  asation  of  plasma  and  sub- 
si  qiunllv  h\  pox  olt  mil-  shock  w  hich  has  been  obseived 
as  a  complication  of  ilci  oinpii  ssion  sickness  and  has 
hi’cn  considered  a  major  factor  in  the  death  of  animals 
after  dei  (impression.  ‘  The  smooth  muscle  sensiti/ing 
effect  of  SMAF  may  have  even  gieater  importance.  In 
view  of  the  possible  implication  of  smooth  muscle  stimu¬ 
lating  substances  in  decompression  sickness,  agents 
which  can  modify  tissue  responsiveness  to  them  may 
play  i  i  it  ie.il  mli-s.  Minimal  i  oni  cut  i  at  ions  or  cun  sub- 
threshold  Ie\  eh  of  smooth  muscle  stimulants  may  pio- 
dnee  signifh  ant  li-siie  leal  lions  win  ll  tissues  ale  sensi¬ 
tized  by  SMAF.  f.  r!  ain  im i  sllki.ilors  h.t\«*  tumiilrn'd 
(Ik*  possibility  of  im  u!\  t  im  nt  of  suim*  smooth  iiiin  )o 
stimulating  Mil j.sI.hki’S  in  ih-i-ninpri'ss'on  vjchir'ss  in  iats 
I  ml  failed  lo  ill  moiisliam  significant  inenase  in  tl  i«  *  i  r 
c  orn,  i  ntr.ition  in  tissues  following  rapid  do -on/pn  ssion.11 
In  tin*  lii'ht  of  uni  findings,  failure  to  show  an  iiu-rcasc  in 
(Ik*  lr\ <‘l  of  tin  ■se  sulist.inei-s  in  de<  ouiprcsS'on  sickness 
does  not  ncii-ss  oily  rule  nut  their  iuvoli  mint  in  the 
disease  since  they  could  elicit  stronger  reactions  w  ithout 
an  increase  in  their  concentration  if  the  responsiveness 
of  the  muscle  is  enhanced  by  sensitizing  factors. 

The  mechanism  by  which  SMAF  is  released  or  ac¬ 
tuated  in  decompression  sickness  is  obscure.  Activation 
of  biological!)  active  substances  has  been  repotted  in 
shock anil  following  tissue  injuries  by  mechanical 
pressure,  burns,  and  freezing.1  It  is  not  impossible  that 
among  other  triggering  mechanisms,  expanding  gas 
bubbles,  causing  circulatory  impairment,  anoxia  and 
mechanical  injury  of  tissues  may  initiate  reactions  re¬ 
sulting  in  release  or  activation  of  SMAF.  Spci  illations 
regarding  the  mechanism  of  SMAF  activ  ation  or  iclcase, 
however,  seem  to  be  premature. 

The  possible  significance  of  SMAF  may  extend  be¬ 
yond  tin-  pathogenesis  of  decompression  sickness.  SMAF 
or  similar  humoral  agents  may  play  important  roles  by 
modifying  smooth  muscle  responsiveness  to  physiologic 
or  abnormal  stimuli. 
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GENERATION  OF  SMAF  ACTIVITY  IN  BLOOD  BY  GAS  BUBBLES. 

C.  Chryssanthou,  M.  WaskmarY*  and  M.  Koutsoyiannis* .  Beth  Israel  Medical 
Center  and  Mount  Sinai  School  of  Medicine  of  the  City  University  of  New  York,  N.Y. 

The  nature  and  properties  of  a  hitherto  unidentified  humoral  Smooth 
Muscle-Acting  Factor  (SMAF)  and  its  possible  implication  in  the  pathogenesis  of 
decompression  sickness  (DS)  has  been  previously  reported.  (Aerospace  Med.,  41; 
43-48,  1970  and  42:864-867,  1971.)  Among  various  conceivable  mechanisms, 
the  possibility  that  SMAF  is  released  or  activated  in  DS  in  the  course  of  chain 
reactions  initiated  by  blood-bubble  interphase  activity  was  explored.  Samples  of 
blood,  cell-free  plasma  and  plasma  containing  leukocytes  and  platelets  were 
subjected  to  bubble  generating  compression-decompression,  or  to  direct  bubbling 
with  air.  SMAF  was  extracted  from  these  samples  and  from  corresponding  controls 
(not  bubbled)  and  its  level  determined  both  by  bioassays  and  by  measurement  of 
the  optical  density  (at  270  nm)  of  the  isolated  material.  The  level  of  SMAF  was 
higher  in  bubbled  samples  than  in  corresponding  controls.  The  observation  that 
bubbling  of  cell-free  plasma  resulted  in  an  increase  of  SMAF  levels  suggests  that 
generation  of  SMAF  activity  is  not  dependent  upon  formed  elements  of  the  blood. 
There  are  indications  that  the  Hageman  factor  may  participate  in  SMAF  releasing 
or  activating  reactions  triggered  by  gas  bubbles.  (Supported  by  the  Office  of 
Naval  Research,  Department  of  the  Navy,  Contract  ^  N00014-68-A-0393.) 
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Studies  on  Dysbarism:  IV.  Production  and 
Prevention  ot  Decompression  Sickness 
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York  10003 


Chryssanthou,  C.,  F.  Tf.ichnf.r  and  W.  Antopol.  Studies 
on  dysbarism  IV.  Production  and  prevention  of  decompression 
sickness  in  " nan-susceptible ”  animals.  Aerospace  Med.  42(8): 
864-867.  1971. 

Thin  mice  subjected  to  90  psi  absolute  air  pressure  for  5  hours 
and  then  decompressed  to  sea  level  within  one  minute  do  not 
develop  decompression  sickness.  A  relatively  small  incidence  of 
the  syndrome  is  observed  when  the  animals,  after  a  short  surface 
interval,  are  further  decompressed  to  a  simulated  altitude  of 
26,000  ft.  SMAF  (a  previously  reported  smooth  muscle-acting 
factor)  markedly  increases  the  incidence  if  administered  prior 
to  exposure  to  altitude.  When,  however,  2-(4-phcnyl-l-pipera- 
rinylmethyl)  cyclohexanone  (a  compound  which  blocks  brady- 
kinin  and  histamine  effects)  is  given  before  exposure  to  90  psi 
none  of  the  animals  develops  the  disease.  The  findings  support 
the  postulated  implication  of  humoral  smooth  muscle-stimulating 
factors  in  the  pathogenesis  of  decompression  sickness,  thus  pro¬ 
viding  a  new  pharmacological  approach  for  the  prevention  or 
amelioration  of  the  syndrome. 
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THE  PRESENT  investigation  deals  with  the  pro¬ 
duction  and  prevention  of  decompression  sickness 
in  animals  which,  under  the  experimental  methods  that 
have  hitherto  been  employed  in  our  laboratories,  were 
not  susceptible  to  this  disease.  The  following  observa¬ 
tions  provided  the  basis  for  these  studies: 

1.  Exposure  to  90  psi  absolute  air  pressure  for  six 
hours  followed  by  decompression  to  sea  level  within 
one  minute  produces  decompression  sickness  in  olrese 
but  not  in  thin  mice.’-*4 


Tin's  investigation  was  supported  by  the  Office  of  Masai  Re¬ 
search,  Department  of  the  Navy,  under  Contract  #N00014-68-A- 
0393  (NR  101-735),  the  Saul  Singer  Foundation,  and  the  I.enore 
Weinstein  Fund. 
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3.  SMAF.  a  smooth  iiiusih-  acting  factor  extracted 
from  hi  1114  capable  of  iiiiTcaMiig  \asnilar  pi  i  moahilitv 
and  ii  Apuhsi\t  in  s'%  «»f  siiiootli  inu'-iU  lo  hr.ulyhinin  luitl 
other  stimul.otK  Imk  hr.  n  implicated  in  the  path¬ 
okinesis  of  the  dhe.iM*.  miicc  its  activity  increases  in 
animals  subjected  to  i  i^npicNMon  decompression/'® 

In  view  of  these  i\  at  ions,  tlx*  possibility  tliat 
administration  oi  SM  \V  c v iiiltl  under  thin  mice  suseep- 
lihlc  to  Jivnm'Kt  vsi.tM  'ukiK's'S  was  rnltilained.  Phe 
ability  oi  l*I*(  !1  to  c  amtt  iact  the  effect  of  SMAF  and 
prevent  dc\  i  lopiumt  of  the  s\ndromc  was  also  explored. 

MATKRIAI.S  AM)  MKillODS 

The  animals  i  inploxcd  in  those  investigations  wore 
thin  sil .linos  (  IS  27  gms)  of  the  hereditary  oboe  hyper¬ 
glycemic  mioo  from  Jackwin  Memorial  I  ahoiatoi  ios,  Bar 
llarhor,  Maine.  They  were  housed  in  metal  cages  in  a 
room  with  controlled  t.  inpcralure  (71  2  l')  and  rel¬ 

ative  humidity  (30?)  and  were  fed  Wayne  I.ab-Blox 
and  water  <«/  libitum. 

Tlu1  substances  employed  were  2-{  1-phcnyl-l-piper- 
a/.inyhnethyl)  cyclohexanone  HCL  (I’PCII)  (Mi'.es- 
Ames)  solution  containing  30  ing/ml  and  SMAF  solution 
containing  2  mg/ml.  The  latter  was  prepared  with  the 
previously  described  Scphndcx  0-25  fraction  of  the  lung 
extract7  and  corresponded  to  2  gm  of  wet  long  tissuc/ml 
of  solution. 

A  series  of  four  experiments  were  conducted  utilizing 
a  total  of  110  mice  which  wi  re  divided  into  the  follow¬ 
ing  groups: 

Exp.  ~  1:  Group  A  ( 10  mice)  and  Group  B  (10  inice) 

F.xp.  #2:  Group  A  ( 10  mice)  and  Group  B  (10  mice) 

Exp.  -3:  Group  A  (10  mice).  Group  B  (10  mice), 
Group  C  ( 10  miee)  and  Group  D  ( 10  mice) 

F.xp.  -T.  Group  A  ( 10  mice).  Group  B  ( 10  miee)  and 
Group  C  ( 10  mice) 


In  all  nf  tin  sc  i  \[u  i  inn  uts  Groups  A,  B  and  G  were 
placed  in  ihe  pi.iioiish  di-M'i  ihed  pressure  chamber,6 
'.objected  to  DO  psj  .ibsolute  ail  piessiire  fur  5  hours,  dc- 
i  I'liij'i  a  ss.  d  to  sea  1.  \  el  u  ill  i  in  .me  minute  (usually  30 
<  i .  auls  )  and  I  mil  Hites  1  itei  fm  I  her  di  <  on  (pressed  to  a 
simulated  altitude  of  2(>  2VOOO  ft.  (270-217  mill  fig)  for 
10  minutes.  Groups  A  received  no  other  treatment  and 
s.  i  \i  d  as  miiliols;  Groups  B  and  G  were  int raperitoneal- 
!\  injietid  uith  0.1  ml  ol  SMAF  solution  immediately 
following  deiompi'i  ssion  to  sea  level  (before  exposure 
to  altitude);  Groups  G  icccivcd  3  mg  of  PPCH  sub¬ 
cutaneously  immediati  Iv  before  exposure  to  00  psi; 
(  I ti nip  D  received  0.2  ml  of  SMAF  intrupi  I  itniically  and 
uas  kept  at  sea  lex  cl  (SMAF  control). 

Tbe  \, ii  ions  groups  of  each  individual  experiment 
were  placed  in  the  pressure  chamber  in  separate  cages 
and  exposed  simultaneously  to  the  id.  litical  pressure 
conditions.  All  animals  w  ere  observed  through  tbe  port¬ 
holes  of  the  ehamb.r  for  clinical  manifestations  during 
exposure  lo  altitude. 

KITS  GETS 

Decompression  from  W  psi  absolute  air  pressure  to 
sea  level  did  not  pri  dnce  clinical  manifestations  in  any 
of  the  groups.  Siam  after  exposure  to  altitude,  however, 
the  majority  of  tire  animals  of  Groups  A  and  B  ex¬ 
hibited  chokes,  hiccough-like  spells  and  convulsions. 
Some  of  them  ran  about  erratically,  others  fell  on  their 
sides  gasping  and  twitching,  and  sev  eral  ceased  to  move 
and  appeared  dead.  Fatalities  were  confirmed  and  re¬ 
corded  only  after  removal  of  the  cages  from  the  cham¬ 
ber. 

Tbe  animals  of  Groups  C  did  not  develop  the  symp¬ 
toms  observed  in  Groups  A  and  B. 

Table  T  presents  mortalities  in  the  various  groups. 
It  tan  be  seen  that  treatment  with  SMAF  increased 
mortality-  from  12.5?  (Group  A  controls)  to  15?  (Group 
B). 

Treatment  with  PPCH,  on  the  other  hand,  counter¬ 
acted  the  effect  of  SMAF  and  lowered  mortality  from 
15?  (Group  B)  to  0?  (Group  C).  Statistical  evaluation 
of  these  results  shows  significance  at  high  levels  of  con¬ 
fidence  (Table  I). 

Autopsies  on  tbe  animals  which  died  in  Groups  A 


r.Mii.F.  i  i.fff.ct  of  smaf  and  itcii  on  mortauty  in  decompression  sickness 


Mortality 

PPCH 

Compression 

Compression 

•  Compxr  wi  on 

SMAF 

SMAF 

DrcMniprrssion 

HrcomprcsMon 

Tlcrntnprrssion 

SMAF 

Experiment  " 

(Croup  A) 

(Group  B) 

(Gump  C) 

(Croup  D) 

l 

20  (2/J0)* 

50  (5/ 10) 

2 

10  (1/10) 

f*0  (6/10) 

3 

10  (1/10) 

20  (2/10) 

0  (0/10) 

0  (0/10) 

4 

10  (1/10) 

50  (5/10) 

0  (0/10) 

Total 

12.5  (5/40) 

45  (18/40)* 

0  (0/20)b 

0  (0/10)' 

•Ntirnl/fr  of  .tmiiulx/lot.il  runnier  of  animals  in  emtip. 

* Sitjn'fu  antly  rlifTcrs  fr.«m  mortality  in  rump  A  (P  <  0.01). 

bSigi»if>c anlly  cliff rrs  fioin  mortality  in  gt.mp  B  (P  <  0.001 ) . 

'  Significantly  »1i fTr r s  fmtn  mortality  in  gK'tip  B  (P  0.05). 
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Fig.  1.  C,.\s  in  i'l.  (‘ii  fumi  nit ni^o  hv.itcul  uilli  SMAF 

iiniu*  •  Ti.i lt*T\'  !ii  f«>;v  i\i>.,'Uio  to  Mnmkilctl  altitude.  (St. lined  with 
)iun.it<(\y]in  it  al  ♦  uriii.  Original  magnification  25X.) 


Fig.  2.  Striking  perivascular  space  in  lung  of  mouse  treated 
with  SMAF  immediately  Iwfore  exposure  to  simulated  altitude. 
(Stained  with  hematoxylin  and  eosin.  Original  magnification 
32  X.) 


Fig.  3.  Ta  mg  from  mouse  treated  with  SMAF  immediately  be¬ 
fore  exposure  to  rirnulitrd  altitude.  Several  round  spaces  resem¬ 
bling  gas  bubbles  are  present  in  fbc  lumen  of  tbc  artery  at  the 
l>ott"m.  Smaller  spaces  can  he  seen  in  the  lumen  of  the  artery  in 
the  upper  right.  (Stained  with  hematoxylin  and  rosin.  Original 
magnification  23  X#) 
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.mil  B,  p»  i  fui  nu  i1  iinim  (  li.itily  after  tin  ir  removal  fioin 

t  In-  eli, imlier,  nvialtd  distended  abdomen,  inflated 

stomach  and  intestines  and  ''as  linlililes  in  tin*  infeiior 

o 

vi  i  ia  ea\  a  and  i  it  In  r  \  i  ins.  On  mien  m  i  ipic  examination, 
si  veral  of  these  animals  showed  gas  bubbles  in  the 
spleen  (Figure  1)  and  milked  e< mgesl ion  with  increase 
in  the  pel  is  asi  nl.ir  spaee  in  the  lung  (Figure  2).  These 
changes  were  similar  to  those  previously  observed  in 
obese  mice"  whieh  are  suseeptihle  to  decompression 
sickness.  In  addition,  well  circumscribed  round  spaces 
icm  milling  gas  bubbles  were  seen  in  pulmonary  arteries 
t  Figure  3).  N’o  autopsy  w  as  performed  on  animals  of 
Crimp  C  since  tiny  all  survived  and  could  not  be  sac¬ 
rificed  so  tbal  mortalitv  rates  could  be  determined. 
Ib.w,  ver.  in  experiments  puliminary  to  tin’s  study,  mice 
subjected  to  the  same  conditions  as  Croup  C  wa  re  sac- 
rificed  at  intervals  of  15,  30  and  00  minutes  following 
exposure  to  altitude.  None  of  these  animals  displayed 
the  pathologic  alterations  described  above. 

DISCUSSION 

Thin  mice  exposed  to  90  psi  absolute  air  pressure  for 
six  boors  and  tbc  n  ch  compressed  to  sea  level  vvitbin  one 
minute  do  not  develop  decompression  sickness.2  This 
is  consistent  with  the  genera  Hy  a co  pled  fact  that 
small  animals  are  less  susceptible  to  this  disease  than 
larger  animals  and  man.  The  short  circulation  time  of  the 
small  animals  might  be  one  of  the  factors  responsible 
for  tiiis  difference.  Obese  mice,  on  the  other  band, 
subjected  to  the  same  experimental  conditions  do  de¬ 
veloped  compression  sickness.’1''  Tire  greater  suscep¬ 
tibility  of  the  obese  mouse  is  considered  to  bo  due  to 
the  relatively  large  amount  of  adipose  tissue  and  the 
high  solubility  of  nitrogen  in  fat  which  results  in  high 
PN.  in  this  tissue  and  in  high  supersaturation  ratios  at 
decompression. 

'Hie  present  investigation  indicates  that  a  small  per¬ 
centage  of  the  “non-susceptible”  thin  mice  develop  de¬ 
compression  sickness  when  decompression  from  90  psi 
to  sea  level  is  followed,  after  a  four  minute  interval,  by 
further  decompression  to  a  simulated  altitude  of  26,000 
feet.  This  is  in  accord  w  ith  the  reported  occurrence  of 
decompression  sickness  in  human  subjects  who  flexv  at 
high  altitudes  following  scuba  diving  or  were  exposed 
to  similar  hyperbaric-bypobaric  conditions  with  short 
surface  intervals.10,11 

The  findings  presented  demonstrate  that  SMAF  mark¬ 
edly  increases  the  incidence  of  decompression  sickness 
in  thin  mice  and  that  1’1’CII  significantly  counteracts 
this  effect,  as  evidenced  by  tbc  clinical  and  autopsy 
findings  and  by  the  respective  mortality  rates.  The 
clinical  manifestations  and  high  mortality  observed  in 
animals  which  were  subjected  to  hyperharie-hypoharic 
conditions  and  received  SMAF  were  not  due  to  SMAF 
per  sc,  since  control  mice  injected  with  even  double  the 
(lose  of  SMAF  but  kept  at  sea  level  (not  exposed  Vo 
compression-decompression)  did  not  exhibit  any  ab¬ 
normal  signs  and  bad  a  mortality  of  zero. 

In  view  of  the  postulated  implication  of  smooth 
muscle-stimulating  agents  in  the  pathogenesis  of  dccoin- 
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pivsMon  sickness/  it  is  possible  tli.it  SMAF  increases 
the  siise<  ptibility  of  thin  mice  hy  its  ilirect  action  on 
smooth  muscle  and/or  hy  its  ability  to  increase  respon¬ 
siveness  of  smooth  muscle  organs  to  bradyhiuin  and 
other  stimulants.7  In  either  ease,  possible  broncho- 
constriction  interfering  with  elimination  of  nitrogen, 
circulatory  changes  favoring  hobble  formation  and  in¬ 
creased  vascular  permeability  may  he  factors  contribu¬ 
ting  to  the  (h  vclopnu  rit  of  the  syndrome.  The  role  of 
these  factors  in  the  pathogenesis  of  decompression  sick¬ 
ness  was  discussed  in  earlier  communications.* 

The  ability  of  PPCH  to  prevent  decompression  sick¬ 
ness  was  striking.  The  animals  which  were  pretrented 
with  this  compound,  even  though  they  received  SMAF 
and  were  exposed  to  the  identical  pressure  conditions 
as  the  other  groups,  did  not  develop  any  clinical  symp¬ 
toms  or  pathologic  alterations  and  all  survived. 

PPCH  has  also  been  shown  to  prevent  or  at  least 
ameliorate  decompression  sickness  in  obese  mice.5  It 
was  postulated  that  this  protective  effect  was  due,  at 
least  in  part,  to  antagonism  of  humoral  factors  con¬ 
sidered, to  play  a  role  in  the  pathogenesis  of  the  syn¬ 
drome,  although  at  that  time  no  direct  evidence  for 
siteh  antagonism  was  available. 

Recent  investigations  in  our  laboratories,  however, 
have  shown  that  PPCH,  which  is  an  anti  inflammatory 
compound,  blocks  histamine  and  hradykinin  effects  on 
intact  animals  and  isolated  organs.1-  Tire  anti-histaminic 
activity  of  PPCH  was  subsequently  corroborated.* 

It  is  very  difficult,  from  the  data  presented,  to  deter¬ 
mine  the  mechanism  of  the  protective  effect  of  PPCH. 
It  is  possible  that  PPCH  blocks  the  direct  effects  of 
SMAF  and/or  inhibits  smooth  muscle-stimulants,  such 
as  hradykinin,  to  which  SMAF  increases  the  responsive¬ 
ness  of  smooth  muscle-organs. 

The  results  of  this  investigation  as  well  as  the  pre¬ 
viously  reported  findings  strongly  support  the  postulated 
implication  of  humoral  smooth  muscle-stimulating  fac¬ 
tors  in  the  pathogenesis  of  decompression  sickness  since: 
(1)  bradykinin-treated  mice  ( under  normal  atmospheric 
pressure)  develop  histologic  changes  similar  to  some 
of  those  observed  in  decompression  sickness;3,5  (2) 
Bradykinin  administration  increases  mortality  and  in¬ 
tensifies  the  pathologic  changes  produced  in  the  dis¬ 
ease;5  (3)  antagonists  of  bradykinin  and  of  other  smooth 
muscle-stimulating  agents  prevent  or  at  least  ameliorate 
the  syndrome;5  (4)  SMAF,  a  humoral  smooth  muscle- 
stimulating  factor,  increases  susceptibility  of  thin  mice 


to  the  disease  and  PPCH,  a  compound  blocking  the  ac¬ 
tion  of  smooth  muscle  stimulants,  counteracts  this  effect. 

The  ability  of  SMAF  to  increase  the  incidence  of  de¬ 
compression  sickness  in  thin  mice  may  provide  a  method 
of  i  vpi  i  iiiniit.il  production  of  (lie  sy  ndrome  in  relatively 
less  susceptible  animals  or  with  smaller  partial  pressure 
gradient  (lower  supersaturation  ratios). 

The  striking  protective  effect  of  PPCH  observed  in 
these  studies  strengthens  the  possibility  that  this  new 
pharmacologic  approach  may  provide  the  means  for 
prevention  or  amelioration  of  decompression  sickness. 
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Tin*  Possible  I mplicution  of  a  Humoral  Smooth 
Vluscle-.Wlin*'  Parlor  (SMAF)  in  Shock* 

i 'll l; v>s.\ n  I'lii >s  ciii:vssavhkh  ,  m.d  • 

1  Jisparity  between  llit1  circulating  volume  of  Mood  ami  the  volume  capacit y  of 
tlie  vascular  system  is  the  major  factor  underlying  the  reduction  of  hlood  How 
and  the  resulting'  decreased  perfusion  and  anoxia  which  sustain  ami  further  in¬ 
crease  the  circulatory  deficiency  in  sla  ck.  Hypovolemia  is  a  frequent  hut  not 
a  necessary  condition  for  the  development  of  the  disparity  between  volume  and 
capacity.  Alterations  in  the  physiologic  stale  of  hemodynamics  other  than  or  in 
addition  to  reduction  of  Mood  volume  are  significant  pathogenetic  factors. 
Marked  increase  in  the  vascular  lied  produced  hy  dilation  of  the  resistance 
and  or  of  the  capacitance  vessels  could  result  in  severe  disruption  of  peripheral 
vascular  homeostasis  with  subsequent  circulatory  collapse.  Changes  in  vascular 
t  tie  that  could  lead  to  the  development  of  'hock  are  primarily  induced  hy  Im¬ 
moral  agents  which  are  the  main  mediators  governing  the  state  of  mieroeireu- 
lat  ion. 

A  liroad  spectrum  of  Immoral  vasoactive  factors  has  I  icon  implicated  in  the 
circulatory  changes  hoth  of  the  early  compensatory  as  well  as  the  subsequent 
decompetisatory  phase  of  shock.  Catecholamines.  vasoexcitor  material  1VK.M1. 
vasodepressor  material  1VDM1  i  Id.  I9> .  myocardial  depressant  factor  'MDl'i 
1 Ml,  plasma  kinins  id.  21  i  h;«-tiri;tl  iuri<iv<.  prostaglandin-  i)*>i  and  other  hu¬ 
moral  agents  i  1 . 2.  13 1  have  been  proposed  as  possible  mediators  of  circulatory 
changes  in  shock.  In  view  ol  the  implication  of  vasoactive  substances  in  the 
mechanism  of  shock  if  is  apparent  that  Immoral  agents  capable  of  modifying  the 
responsiveness  of  vascular  smooth  muscle  to  vasoactive  substance-  may  play 
important  roles  in  the  pathogenesis  of  the  disorder. 

I'lie  present  communication  is  intended  as  a  preliminary  report  regarding  the 
possible  implication  of  such  an  agent  in  the  pathogenesis  of  hemorrhagic  and 
endotoxin  shock.  This  agent,  probably  a  polypeptide,  is  referred  to  as  SMAF. 
tlie  acronym  derived  from  Smooth  Muscle-Acting  Factor.  Originally  found  in 
mouse  lung  Hit,  SMAF.  has  been  subsequently  isolated  from  extracts  of  various 
organs  thing,  kidney,  placenta  and  blood  i  in  several  animal  species  i  mouse, 
rabbit,  rat.  dug.  human  i.  The  method  for  extraction  ami  purification  as  well  as 
the  physical,  chemical,  biological  and  pharmacological  properties  of  SMAF  have 
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1m  i  n  |Ti  \  n'\i~lv  reported  i,s.  ill.  Tin  j  >ro|  ii-~  ni  ."MAI'  dist  tnym-h  n  1 1<  .1 1 1 
' i i i ul :i r  know ii  "U I i~i :i i h  i •"  melmlmy  I ii-.-h i \  kinin.  'iili.'i nine  1‘.  ilidoi-iii.  )>rii~i:i- 
■_l  i :  1 1 1  ■  i  1 1 1 .  l:tii  nr  KIM  'lli.  i  n.  ( 1 1 ;  1 1  •  1 1  — •  1 1  i  "ill  •  |  ii  ■[  it  it  If  I  ’  i  1 1 1 .  ainl  I  In  I H  >ly  1 II  1 1- 
I  li  li —  ill  -II it  II  1 1  1 1\ ■  Saiij  1  lli.  I  7  I . 

[  In  uni-1  -mkiuu  ai'iimi  ul  "MAI  .  which  is  relevant  in  tin  -ulmri  m  i  1 1 1 ~ 
tv)  u  ii't ,  n  1 1 '  a  1 1 1 1 1 1  y  in  jiuti  -a  ~i  •  n  'spotM  \i  I  n  -ss  » 1 1  inn  1 1 1  n  ntseh  --i  irya  1 1>  i  melud - 
mu.  I  ‘loin  I  n  i  -~i  I  ~  «  in  \  'a-uael  n I- "ill  I"l  ani'i"  iS.'.li  "MAI  :i  l~i  i  men  a~i  -  Vascular 
permeability  ami  rbeils  'low.  Weak  rout  rarl  lolls  nl  smooth  !  i  ii  1  "i* !  * 1  i  S.  lli 

Hie  |m — i  1  »li -  I'ulc  nl  " M  A  1  III  |»al  holoyle  rniulit  inm  I i:i"  already  been  -ir^- 
n  i 1 1  1 1  ill  "I  mill"  nil  1 1 '  I  •  J  i;il  I  ll  in  I -I  H  "I"  nl  ill  compression  sickness  I  1  7.  it1. 

rill"  iv|  M  'l  l  deal'  w  11  Ii  l  he  observed  iihTi  Hsr  nl  t  In  li  A  i  l  nl  "MAI  in  I  III  I  i|nm  I 
nl  annual'  ■"  1 1 1 » 1 1  ■  I  *  I « •»  l  In  endotoxin  alhl  heninrrhayie  shock. 

MelUods 

/:'/n/nfn.r  n  >/ini7.  .  Tlnrii n  li  inali-  allnnn  rabbits  weiyhiuy  '1  n  ky  were  :un"- 
ilnii/.iil  wnli  intravenous  administrat  ion  ni  sodium  pentobarbital  idU  my  ky 
limly  weiylit  a-  an  nniial  dose.  uni,  additional  intravenous  du-es  ii  and  when 
in  rilol  in  1 1 1 : •  l n 1 : 1 1 n  ain  1  n  "ia  ■ .  Mi  an  carotid  lilnml  i >ri  —  1 1 1'< ■  win  rnut  muniisiv 
limn  it  i  iri-i  I  by  iniaii'  ni  a  "tatham  j  ill  —  u  n  ■  i  r:n  i-t  Im-i  r  eonph  d  in  a  I  ,ni"  poly- 
yraj'li.  I  Iran  rati"  >wti  ■  ralenlaied  limn  I A  I  I  nr  lilnml  j  »ri  "lire  records.  Kndn- 
fn\in  'linrk  "a-  produced  1 1\  an  in  r:  i  \  •  I  ini  i"  lli'.ii'llnu  ni  1  Iny  ky  17  roll  or 
I’riirn I-  Villyiri'  rmlnlnxin.  Aril  rial  lilnml  -atopies  >  III  ml  i  Wrrr  nlilailtnl  irnln 
all  anttnak  I «  t < >l'i ■  ii'niitml  sample  i  and  alter  endotoxin  administration.  Tim 
latter  -ample'  Were  collected  will'll  llm  inrall  rarnliil  lilnml  pressure  I'  ll  below 
III  mm  1 1  y .  which  usually  m-runvil  1  li  hoot's  alter  endotoxin  administration.  In 
-niim  animal'  aililitinnal  lilnml  samples  w-ri'r  I'nllrrlol  al  ral'licr  stayc-  ni  llm 
liy pnteiisivc  response  In  tori'  lilnml  pre-sUl'e  reached  llm  -((I  linn  lly  level. 

Ih  inni'/'/iini'i'  Slmrl, :  liner  lelnale  alliinn  rabbits  Were  allot  lie!  iznl  ainl  tin 
llieali  I'al'ntiil  lilnml  pressure  ainl  heart  rate  monitored  ;i.>  di'scribi'd  almve.  A 
eainnila.  enmiei'ti'il  in  a  1 1 1  a~l  if  constant-pressure  ealilir, aieil  rr.'iTVnir.  was  in¬ 
serted  in  the  rarmiil  .artery.  The  reM-rvuir.  luluny.  ele.,  were  all  siliconized.  Hep¬ 
arin  i  17)00  1'  kyi  warn  intravenously  administered  prior  in  bleeditiy.  The  ani¬ 
mal  was  lilnl  into  t  lie  reservoir  in  which  the  pressure  was  set  to  remain  constant 
at  1(1- 4.1  mm  lly  l>y  liulihliny  it.V  -  ( A  •  .7  ■  ( 1  A  thrnityli  tlm  lilnml  into  tlm  reser¬ 
voir.  After  a  variable  interval  iollowiny  initiation  ni  blerdiny.  lilnml  tlnw  was 
spontaneously  reversnl  irnm  the  re.-ervnir  into  tin-  animal.  Wlmn  4(1’ •  ni  the 
shell  lilnml  was  spontaneously  tviniuseil.  hemorrhuyie  hypotension  was  tenni- 
nateil  by  gradually  rai.-iny  the  pressure  in  the  reservoir  to  permit  tin-  rem.uininy 
shell  lilnml  In  be  infused  Imek  into  the  animal.  'Hie  purpose  of  yraihlal  reinfusinn 
was  in  avoid  exeessive  rise  in  the  central  venous  pressure.  Preliminary  experi- 
inetits  hale  shown  that  with  the  metliml  ileserilied  almve.  shock  progresses  to  a 
terminal  staye  when  the  animal's  mean  arterial  lilnml  pressure  declines  In-low 
lilt  mm  lly.  Arterial  lilnml  samples  lit)  ml  i  were  obtained  lie  fore  nr  at  the  time 
of  initiation  of  bliediiiy  I  control  samplci  and  duriny  the  hypotensive  period 
which  follows  the  reinfusinn  of  lilnml. 
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n  iiilusinn  | n-iit 1  with  a  relative  dct-ren'f  in  i  ho  hater  terminal  »i:  n.  , 
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I'll.-  >*•» >i » •  ol  i  In  pi  c  't  in  invest  inn l  mi i  \v ; i '  t n n i til n  'I  m  i  \ | tit n  :ii  ion  oi  the  pn>- 
'ililf  release  or  utiivniinii  ■ .  j  SMAI  m  t  N  |  n  rii  i  h  ntal  'hock.  Iln  1 1  -n  1 1  -  oi  i  In-. 

[  ir«l  i  in  iu.-i  ry  ■  \[ »« -rii  i  it  n  l  '  indicate  1  li.it  1 .1. -«  .1  SMAI-'  level'  int-r.  a-e  m  1 1 M  -  <•<  n  i  r-t  ■ 
ul  t  in  lot  u\ in  :  i  tn  1  1  it  1 1  n  nil  niLi.it-  'hock.  In  lln  inrunr  type  ni  'Imt-k  the  inert  ;i'f  m 
SMAI  appeal-'  to  In  proulf'siv c  a  in  I  in  inverse  I-.  lat  Imi'liip  In  llie  |.  ve|  oi  liloml 
|  ua  — iln  1 1 1 -o  a  t  ■  I  i  1 1  -_L  tin  In  iiioi-rliame  'I  u  ii  ■  U  i  In-  :  i  \  a  i  1  a  I  •  1 1  tlata  'Utmost  iliat 
SMAI-  levels  inerea'i'  in  lln  early  pliu't  m  tin-  post -r.  initlsion  hypotensive 
pi  Tit  a  l  with  a  ivlal  ivi  .  lecrt-a'i-  in  I  lie  terinuiul  >i  a  lie. 

All lnniu.li  SMAI  Ini'  not  yet  lit-t-n  elieinieali y  itlt-ni ilit-tl.  it  t -x 1 1 i I •  i i ~  elieinieal. 
physical  ami  phartnacnloaical  propt-ri n -  iS.  Hi  which  dt't inuui'li  it  lVotn  all 
known  'imilar -nl  i'i  ain't  '  which  net  on  'inooili  nni'i-le.  SMAI  .  prnhahlv  a  low 
i  noli -eiil  nr  weiylit  poly  pepi  it  It  • .  i>  eapal  >le  ol  inert  a 'ini;  responsive  m  —  oi  -nioni  !i 
inisele-ot-teiii'  to  st  u  i  ml  a  i  ii  -  Tlii-  property  oi  >MAF  may  lie  oi  nival  sitmili- 
eanee  n-uariliim  it'  pi i'>i  1  ile  role  in  physiolonic  iinn-t  ioii'  ami  patlmlo^ie  eomii- 
tioli'.  It  fall  Ilf  po>t  nlatei  I  that  tin  iniie!  i<Hi  oi  'iimotli  nni't-le  ornall'  i-  ronll- 
lateil  not  only  by  neiironi  nn-  'iinnili  am!  invot ropie  'iih't ain-t  '  wliieli  < jii-(-<-r ly 
eati'f  font  met  ion  or  relaxation  nl  'inootli  nniM'le  nils  Inn  also  hv  iaetof'.  like 
SMAI-'.  wliieli  tno.il  |  \  tile  eapaeity  oi  these  eell'  to  re'poml  to  ~|  inmli.  SMAI' 
lia>  already  lieeii  itnpl  iea  t  et  I  in  1 1  it-  t  in  t  In  i^t-rn-'i'  oi  t  It  -eon  i  press  ion  '  iekm."  i  -4  7 
11,1  ’lie  I >: i ' i '  m  tin-  present  pi eliniinary  inve.-l iiral itui.  tin-  t|Uf'tion  oi  po" 
'ilile  involvement  ot  S.M  A I  ill  the  ineehalii'in  ot  'lioek  eatl  onlv  lie  a  matter 
tor  .'peculation.  The  possibility  ilia t  SMAI'.  I.v  iiii-rc.-i'inu  tin-  reaelivitv  oi  \as- 
eular  muscle.  may  atiumeni  tin-  elleet  ol  vasomotor  stimuli  in  shock  ami  lint' 
eonl  I'ilillle  to  tile  ileteriol'at  ion  ol  tin-  peripheral  eil'enlat  ion  i'  all  attractive  atnl 
provocative  hypothesis.  It  is  oi  interest  in  this  respect  that  allhoiitih  depletion 
ol  kininoticn  was  observed  in  scv. ml  types  oi  shock  i  ISi  ami  release  oi  kinin 
< hiriiiu;  anaphylaxis  was  ioiiinl  in  <|o»>  i :> t .  little  eorrelat ion  was  seen  helweeii 
the  severity  oi  the  shock  ami  the  ntnomil  oi  kinin  formetl  i it  i .  It  is  conceivable 
on  the  liasis  ol  the  hypothesis  tliseiisseil  earlier  that  small  increases  in  brady- 
kinin  level'  ami  even  "norinal  "  concentrations  oi  this  vasodilator  uticni  tnav  in- 
luce  sjcnilleant  Vasenlar  chanties  It  the  siimmli  muscle  oi  the  vessels  has  I, ecu 
se"'it  t/.etl  I IV  Itn-tofs  like  SMAI  with  a  resit  It  ill;:  increase  111  resptili'iveiit"  to 
hrady kinin.  In  addition  to  the  potentiation  oi  the  action  oi  vasoactive  audits. 
sMAI-.  which  also  increases  capillary  permealiility  tilt,  could  cause  exiravusu- 
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\  mu  ( 1 1  lluitl  and  thus  further  inrivasr  tin-  di-punty  luiunn  volutin-  and  capac¬ 
ity  hi  i In*  vascular  system. 

Tl„.  stimulus  aiai  the  mrchaiii-m  win icby  S.MA1  i-  r< •  a-rd  * »r  activated  in 
>imrk  is  at  present  utiknow  n  Several  possibilities  im  rif  con.-id<  rat  inn.  It  i-  nm- 
ceivalde  that  liberation  nr  activation  * ►  l  SMAF  i>  i In*  end  | »•  ii i it  or  an  intermedi- 
ait-  link  in  chain  reactions  trijmeivd  by  physiological  ami  liinclicinical  altera¬ 
tion-  in  >h«>ck.  such  a*  decreased  tis-ur  perfusion  and  anoxia  with  disruption  of 
Ivsosomes  and  release  of  proteolytic  I'li/.ymo.  I  din-rat  inn  nr  activation  nl  intra- 
a  1  id  or  extracellular  enzyme-  with  formation  of  ch«*mic:d  mediators  from  pre¬ 
cursor  substrates  has  alrcatly  horn  reported  in  shock  <  1  ( •  i .  It  is  also  possible 
dial  SMAF  may  In*  reh  a>cd  from  tissues  following  ischemic  injury,  nr  activated 
hv  mechanisms  similar  to  those  which  tri*i«icr  tin-  eoajiulat ion  or  kinin  systems. 

Summary 

The  level  of  a  Immoral  Smooth  \lusc|e-Art inji  Factor  iSMAFi  increases  iii 
the  Mood  of  animals  subjected  to  hemorrhagic  and  endotoxin  shock.  The  pos¬ 
sible  involvement  of  SMAF  in  the  pathogenesis  of  shock  and  proposed  mecha¬ 
nism*  regard  ini'  its  release  or  activation  are  discussed. 
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Chryssvn i hou,  C.,  F.  Tmchnfr.  and  M.  Kouisoyiannis. 
Studies  on  dysbarisrn:  Prt  \  ention  of  decompression  sick¬ 

ness  in  mice  by  dimethothinzine.  Aerospace  Med.  45  (I )  279- 
282,  1974. 

I)inieChothin/ine,  a  conipoimd  with  activities  against  smooth 
muscle  stimulating  agents,  exhibits  protective  effects  against  de¬ 
compression  sickness  in  obese  mice  which  arc  susceptible  to  the 
disease.  In  groups  receiving  dimetliuthia/inc  prior  to  compression, 
mortality  is  significantly  reduced  and  clinical  manifestations  and 
pathologic  changes  are  less  frequent  and  less  pronounced  than 
in  corresponding  control  groups  subjected  to  identical  pressure 
conditions.  The  results  of  this  report  are  in  accord  with  the 
previously  proposed  pathogenetic  concept  which  implicates 
humoral  smooth  muscle  stimulating  factors  in  the  mechanism  of 
decompression  sickness. 

T:x  XPERIMENTAL  DATA  indicating  that  humoral 
-J  smooth  muscle  stimulating  agents  are  implicated 
in  the  pathogenesis  of  decompression  sickness  have 
been  presented  in  previous  communications  (3,4,5,7). 
Among  the  findings  which  support  this  concept  is  the 
observation  that  administration  of  smooth  muscle  stimu¬ 
lants,  such  as  bradykinin  and  SMAF  (Smooth  Muscle- 
Acting  Factor)  (7),  aggravates  decompression  sickness 
in  mice  and  increases  their  susceptibility  to  the  disease, 
while  inhibitors  or  antagonists  of  smooth  muscle  stimulat¬ 
ing  agents  prevent  or  ameliorate  the  syndrome  (3,4). 

The  present  investigation  deals  with  the  possible  de¬ 
compression  sickness-preventing  effect  of  dimethothia¬ 
zine  (dimethylsulfamido-3  [dimethylamino-2  propyl) -10 
pheno(hiazine).  Dimethothiazine  is  a  phenothiazine 
derivative  which  combines  activities  against  bradykinin, 
histamine  and  serotonin  (8),  and  therefore  exploration 
of  its  effectiveness  against  decompression  sickness  could 
provide  a  further  testing  of  the  above-mentioned  con¬ 
cept. 

MATERIALS  AND  METHODS 

A  total  of  200  hereditary  obese  hyperglycemic  mice. 

This  investigation  was  supported  by  the  Office  of  Naval  Re¬ 
search,  Department  of  the  Navy,  under  Contract  -N000I4-68- 
0393  (NR  101-735),  and  the  I.cnore  Weinstein  Fund. 


weighing  40  to  80  grains,  obtained  from  Jackson  Me¬ 
morial  Laboratories,  Bar  Harbor,  Me,  were  used  in  a 
series  of  nine  experiments.  These  mice  were  selected 
for  the  present  studies  because  of  their  susceptibility  to 
decompression  sickness  (1).  They  were  housed  in  metal 
cages  under  controlled  temperature  22±1°C  and  rela¬ 
tive  humidity  (50%)  conditions,  and  fed  Wayne  Lab- 
Blox  and  water  ad  libitum.  In  each  experiment,  a  control 
and  an  experimental  group,  consisting  of  mice  of  the 
same  sex  and  of  corresponding  weights,  were  placed  in  a 
pressure  chamber  and  subjected  to  compression-decom¬ 
pression  simultaneously  to  ensure  exposure  of  the  two 
groups  to  identical  conditions.  In  all  experiments  the 
animals  were  subjected  to  6,327  g/ctn2  absolute  air 
pressure  for  6  hours  and  then  decompressed  to  sea 
level  within  1  minute  (usually  30  seconds).  Immediately 
prior  to  compression,  the  control  groups  in  all  experi¬ 
ments  received  a  subcutaneous  injection  of  normal  saline 
while  the  experimental  groups  were  subcutaneously  in¬ 
jected  with  dimethothiazine  (Migristene,  Rhonc-Poulenc- 
Specia).  In  six  experiments  the  dose  of  dimethothiazine 
was  40  mg/kg  and  in  the  remaining  three  experiments 
the  dose  employed  was  4,  10  and  20  mg /kg  respectively. 
Following  decompression,  the  animals  were  observed 
for  at  least  1  hour  for  clinical  manifestations.  When  an 
animal  died,  the  survival  period  from  the  time  of  de¬ 
compression  was  recorded  and  an  autopsy  was  immedi¬ 
ately  performed.  Sections  of  various  organs  were  taken 
for  microscopic  examination.  Autopsies  were  also  per¬ 
formed  on  animals  sacrificed  at  intervals  of  15,  30  and 
60  minutes  after  decompression. 

RESULTS 

Under  ihe  conditions  of  these  experiments,  the  clinical 
manifestations  of  decompression  sickness  included 
scratching,  reduced  locomotion,  chokes,  and  convulsions. 
Almost  till  control  animals  exhibited  these  signs  and  the 
majority  of  them  succumbed  in  less  than  I  hour  following 
decompression,  their  death  being  preceded  by  twitching 
and  severe  respiratory  distress  with  gasping  and  hic¬ 
cough-like  spells.  At  autopsy,  in  almost  all  control  ani- 
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Fig.  IB 

Fig.  F  (A)  Numerous  gas  bubbles  of  varying  size  in  the 
spleen  of  a  control  compresscsJ-Jecomprcssed  mouse.  (B)  Ab¬ 
sence  of  gas  bubbles  in  the  spleen  of  a  mouse  treated  with  40 
mg/kg  dimethothiazine  prior  to  compression.  (Stained  with 
hematoxylin  and  eosin.  Original  magnification  X7.5.) 


TAI1IE  I  EFFECT  OF  DIMF.THOTH1A7.INE  (40  mg/kg)  ON 
MORTAI  ITY  OF  OliFSH  MICE  IN  DECOMPRESSION 
SICKNESS. 


%  Mortality 


F.\p.  No. 

• 

Control 

Dinu’tholhi.a/inc 

992 

100  (8/8)* 

25  (2/8)  ' 

J/27/^2 

63  (5/8) 

25  (2/8) 

1002 

50  (6/10) 

10  (1/10) 

1003 

30  (2/10) 

0  (0/10) 

1004 

'6  (5/9) 

'0  (5/10) 

H)05 

70  (7/10) 

0  (0/10) 

tal 

60  (33/55) 

17  ( 10/ 56) t 

’  N'nmhrr  nf  ,4  aninials/tcl.il  nu-nher  of  animals  in  group 
Signifi.  atitly  ilifh  rs  from  mortality  in  ton!rol  groups  (p<^  0001 
*  v  vhi  'glare  test  ti'ing  Vatrs  correction) 

280  . ( r  reop.-rr  f  Medicine  •  March,  1974 


Fig.  7.  Mortality  cutses  of  mice  subjected  >o  compression-de¬ 
compression.  Upper  curve:  percent  mortality  of  55  animals  ticat- 
cd  with  ttot mal  saline  prior  to  compression.  Power  curve:  per¬ 
cent  moitality  of  56  animals  tieated  with  40  mg/kg  dimetho- 
thla/ine  prior  to  compression. 


inafs  that  died  and  in  most  of  those  sacrificed,  the  abdo¬ 
men  appeared  enlarged,  due  to  gaseous  distension  of  the 
stomach  and  intestines.  Grossly  visible  gas  bubbles  were 
seen  in  the  subcutaneous  and  intra-abdominal  fat,  in  the 
spleen  and  in  several  blood  vessels,  being  most  con¬ 
spicuous  in  the  inferior  vena  cava  and  the  right  chambers 
of  the  heart.  Microscopic  examination  revealed  minute 
bubbles  as  well  as  large  accumulations  of  gas  in  several 
organs  and  tissues,  including  the  spleen  (Fig.  1A), 
adrenals,  bone  marrow,  adipose  tissue,  lung  and,  less 
frequently,  liver  and  heart.  The  lung,  in  addition  to 
intravascular  bubbles,  revealed  perivascular  edema.  Hy¬ 
peremia  was  observed  in  various  organs,  being  most 
pronounced  in  the  bone  marrow.  “Rouleaux  formation” 
was  seen  in  the  spleen  of  an  occasional  animal. 

The  40  mg/kg  dose  of  dimethothiazine,  in  six  separate 
experiments,  exhibited  a  profound  protective  effect 
against  decompression  sickness,  as  indicated  by  the  pro¬ 
longation  of  the  survival  time,  the  significant  decrease  in 
the  overall  mortality,  and  by  the  amelioration  or  absence 
of  clinical  manifestations  and  pathologic  alterations.  Fig. 
2  shows  that  44.5%  of  the  control  animals  had  suc¬ 
cumbed  within  20  minutes  after  decompression,  while 
only  3.6%  of  mice  treated  with  dimethothiazine  died  by 
the  end  of  this  period.  Dimethothiazine  reduced  overall 
mortality  from  60%  to  17%  (Table  I),  an  effeef  which 
statistically  is  significant  at  high  levels  of  confidence 
(p  <  0.001).  These  percentages  represent  a  72%  reduc¬ 
tion  in  the  overall  mortality.  The  majority  of  the  mice 
treated  with  40  mg/kg  dimethothiazine  did  not  exhibit 
convulsions  or  signs  of  respiratory  distress.  Several  ani¬ 
mals  showed  varying  degrees  of  drowsiness.  In  most  of 
the  animals  which  succumbed  and  in  all  of  those  sacri¬ 
ficed,  there  was  no  gaseous  distension  of  the  gastroin¬ 
testinal  tract,  the  tissues  revealed  minimal  or  no  bubble 
formation  (Fig.  IB)  and  the  perivascular  edema  in  the 
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lung  was  absent  or  less  pronounced  than  in  correspond¬ 
ing  controls. 

The  low  doses  (4,  10,  and  20  ntg/kg)  of  dimethothia- 
zitte  had  no  appreciable  effect  on  the  clinical  manifesta¬ 
tions,  pathologic  alterations  or  mortality. 

DISCISSION 

The  incidence  and  severity  of  decompression  sickness 
in  animals  subjected  to  hyperbarie-hypobaric  conditions 
is  influenced  by  a  variety  of  factors,  both  intrinsic  and 
extrinsic.  Among  the  former,  the  degree  of  obesity  is 
an  important  variable  influencing  susceptibility  (1,2). 
Among  the  latter,  the  composition  of  the  breathed  gas 
mixtures,  the  level  and  duration  of  compression  and  the 
rate  of  decompression  are  factors  of  obvious  significance. 

In  the  present  investigation,  the  possible  influence  of 
differences  in  these  factors  was  eliminated  by  the  fact 
that  the  relatively  small  size  of  the  animals  employed 
permitted  the  placement  of  control  and  experimental 
'  groups  in  the  same  chamber  at  the  same  time,  for  a 
simultaneous  exposure  to  identical  environmental  condi¬ 
tions.  In  addition,  control  and  corresponding  experimen¬ 
tal  groups  consisted  of  animals  of  the  same  sex,  and  of 
approximately  the  same  age  and  weight.  Furthermore, 
the  relatively  large  number  of  animals  used  afforded 
randomization  of  the  influence  of  other  independent  fac¬ 
tors,  with  a  resulting  increase  in  the  statistical  significance 
of  the  observed  drug  effect. 

The  observation  that,  in  animals  treated  with  40 
mg/kg  dimethothiazine  prior  to  compression,  the  clinical 
manifestations  and  morphologic  changes  seen  in  decom¬ 
pression  sickness  were  absent  or  less  pronounced  and 
mortality  was  significantly  reduced,  indicates  that  this 
compound  exerts  a  considerable  protective  effect  against 
decompression  sickness  in  mice. 

The  4,  10,  and  20  mg/kg  doses  of  dimethothiazine 
were  ineffective  in  protecting  mice  against  decompression 
sickness,  although  doses  even  smaller  than  those  have 
been  reported  to  exhibit  activities  against  smooth  muscle 
stimulating  agents  in  rats  and  guinea  pigs  (8).  It  should 
be  borne  in  mind,  however,  that  dimethothiazine  in  our 
experiments  was  administered  to  mice  6  hours  prior  to 
decompression.  During  that  interval  it  is  possible  that 
excretion,  biotransformation  and  other  processes  might 
have  resulted  in  a  concentration  of  the  compound  in  (he 
blood  and/or  tissues  below  effective  levels.  It  should  also 
be  noted  that  the  experiments  with  various  doses  of  the 
compound  were  conducted  for  purposes  of  orientation 
and  the  number  of  animals  which  received  each  of  the 
smaller  doses  is  not  sufficient  to  provide  statistical  signifi¬ 
cance  of  the  respective  results.  Considering  the  above,  it 
is  clear  that  the  results  presented  in  this  report  should  not 
imply  that  40  mg/kg  is  necessarily  the  minimal  effective 
dose  of  dimethothiazine. 

Previous  communications  presented  data  strongly  sug¬ 
gesting  that  humoral  smooth  muscle  stimulating  agents 
arc  implicated  in  the  pathogenesis  of  decompression 
sickness.  Among  them,  the  following  observations  are 
of  particular  interest:  1.  Administration  of  bradykinin 
intensifies  pathologic  alterations  and  increases  mortality 
in  decompression  sickness  (3).  2.  SMAF  (a  humoral  fac- 
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tor  which  augments  responsiveness  of  smooth  muscle 
organs  to  stimulants  and  increases  vascular  permeabili¬ 
ty)  is  released  or  activated  in  decompression  sickness 
(6,7).  3.  Administration  of  SMAF  increases  su\c  epti- 
bility  of  thin  mice  to  decompression  sickness  (4).  4. 
Compounds  with  activities  against  smooth  muscle  stimu¬ 
lating  agents  prevent  or  ameliorate  the  disease  (3,4). 

In  view  of  the  above,  and  considering  the  fact  that  all 
agents  which,  in  our  investigations,  offered  juotcction 
against  decompression  sickness  exhibit  activities  against 
smooth  muscle  stimulants,  it  is  reasonable  to  attribute  (he 
decompression  sickness  preventing  effect  of  dimethothia¬ 
zine  to  its  activity  against  bradykinin,  histamine  and 
serotonin,  t  hus  the  results  of  this  investigation  provide 
additional  support  to  the  postulated  concept  regarding 
the  pathogenesis  of  decompression  sickness.  According 
to  this  concept,  humoral  smooth  muscle  stimulating 
agents,  released  or  activated  in  decompression  sickness 
(by  a  mechanism  involving  gas -blood  interphase  or  by 
other  processes),  may  induce  several  tissue  responses 
that  could  contribute  to  the  production  of  the  syndrome. 
For  example,  bradykinin,  histamine,  SMAF  and  other 
humoral  agents,  by  causing  bronchoconstriction,  could 
interfere  with  the  elimination  of  nitrogen  and  also  con¬ 
tribute  to  the  respiratory  distress.  These  agents  could 
also  induce  circulatory  changes  favoring  nucleation 
and/or  growth  of  gas  bubbles.  Furthermore,  they  in¬ 
crease  vascular  permeability  which,  in  turn,  could  be 
responsible  for  the  perivascular  edema  in  the  lungs  ob¬ 
served  in  our  experiments  and  for  the  hypovolemic  shock 
that  often  complicates  decompression  sickness.  Thus,  the 
absence  of  perivascular  edema  in  the  lungs  of  animals 
treated  with  dimethothiazine  could  be  attributed,  at  least 
in  part,  to  a  blocking  of  agents  which  increase  vascular 
permeability.  Also,  inhibition  of  bronchoconstrictor 
agents,  by  improving  ventilation  and  consequently  nitro¬ 
gen  elimination,  could  have  contributed  to  the  lack  or 
diminution  of  nitrogen  bubble  accumulation  which  was 
observed  in  the  dimethothiazine-treated  mice. 

The  soporific  effect  of  dimethothiazine,  observed  on 
several  animals,  docs  not  fit  the  above  concept  but, 
nevertheless,  merits  consideration  and  further  explora¬ 
tion.  It  seems,  however,  unlikely  that  the  sedative  effect 
alone  was  responsible  for  the  protective  action  of 
dimethothiazine,  particularly  in  view  of  the  observation 
that  in  hamsters,  ehloralose  exhibited  appreciably  less 
protection  against  decompression  sickness  as  compared 
to  PPCH*  although  the  sedative  effect  of  ehloralose  was 
greater  than  that  of  PPCH  (9).  The  effectiveness  of 
dimethothiazine  against  decompression  sickness,  which 
was  demonstrated  in  the  present  study,  warrants  further 
investigations  including  potential  experimentation  on  hu¬ 
man  decompression  sickness.  Dimethothiazine,  in  con¬ 
trast  to  the  decompression  sickness-preventing  com- 


*  I’l’CH  (2-[4  phenyl  1  pipcrazinybncthyl]cyclohcxanonc  MCI) 
(Milcs-Ames)  is  a  compound  with  antibradyhinin  and  anlihista- 
minic  activities  which  was  previously  reported  to  prevent  or 
ameliorate  decompression  sickness  (3,4). 
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pounds  previously  studied  (3),  is  already  in  clinical  use 
against  other  disorders  in  several  countries,  including 
"  mce,  I'ngland,  and  Canada,  and  has  been  well  toler- 
d  with  minor  or  no  side  effects. 
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NEWER  CONCEPTS  ON  THE  MECHANISM  AND 
PREVENTION  OF  DECOMPRESSION  SICKNESS 

C  Cl  IHYSS  AN THOU.  F  TnCHNI  R.  C,  GOIPSIIIN  ,.ud  W.  ANTOPOL  (1) 


Our  work  on  the  mechanism  and  prevention  of  de¬ 
compression  sickness  (DS)  led  us  to  theorize  that 
smenth  muscle  stimulating  suhst.me.es  are  implicated 
in  the  pathogenesis  of  the  disease.  This  concept  is  based 
on  the  folio. -.mg  observations:  1.  Bradykinin  intensifies 
pathologic  alterations  and  increases  mortality  in  DS>. 
2  Compounds  such  as  2  (tphonyi-l-pipera/inylmethyl) 
cyclohexanone  (I’l’CH).  1.  2  and  rlimethethia/ine  (Migristo- 
no):t  with  activities  againts  smooth  muscle  stimulating 
substances  (eg  bradykinin,  histamine.  5  hydroxytiypta- 
mine)  amelimate  and  oven  prevent  OS.  3.  The  activity 
of  a  new  humoral  Smooth  Muscle  Acting  Factor  (SMAF) 
increases  in  OS.'  •’>  4.  SMAF  potentiates  bradykinin  and 
other  smooth  muscle  stimulants,  causes  bronchoconstric- 
tion  and  increases  v  ascular  permeability.'-  f>  5.  SMAF 
increases  susceptibility  to  DS.2 

DS  was  produced  in  obese  mice  by  subjecting  the 
animals  to  90  psi  (absolute)  air  pressure  for  6  hours 
and  then  decompressing  them  within  1  minute  to  sea 
level.  The  various  groups  of  control  drug-treated  animals 
were  all  simultaneously  exposed  to  the  identical  pressure 
conditions  Soon  after  decompression,  the  control  animals 
exhibited  scratching,  respiratory  distress  with  choking, 
hiccouy  convulsions,  and  most  of  them  expired  within 
30  minutes  following  decompression.  Gross  and  micro¬ 
scopic  examination  revealed  gaseous  distension  of  the 
gastrointestinal  tract,  accumulation  of  gas  in  the  adipose 
tissue,  presence  of  gas  bubbles  in  the  hone  marrow, 
spleen  and  adrenals,  vena  cava,  right  side  of  the  heart 
and  in  pulmonary  and  other  vessels.  Among  other  fin¬ 
dings.  there  was  an  increase  in  the  perivascular  space 
in  the  lung  (edema  ?).  bronchoconstriction  and  pronoun¬ 
ced  hyperemia  and  hemorrhagic  foci  in  the  bone  marrow. 

Administration  of  bradykinin  immediately  after  de¬ 
compression  exaggerated  many  of  these  pathologic  alte¬ 
rations  and  increased  mortality.  In  contrast,  in  animals 
treated  with  PPCH  or  dintethothiarine  prior  to  compres¬ 
sion.  clinical  manifestations  were  ameliorated,  pathologic 


(t)  Mount  Sinai  School  ol  Mi-4-.a-tp  of  the  City  University  of 
New  York,  and  R.-lh  Kr.u-1  M.-dlral  C.-nt.-r,  New  York,  New  York  1000J 


changes  were  minimal  or  absent  and  mortality  was  si¬ 
gnificantly  reduced  as  the  following  table  1  indicates. 

TABLE  1 

EFFECT  OF  •  ANTI  INFLAMMATORY  ■ 

DRUGS  ON  MORTALITY  OF  OBI  SE  MICE 
IN  DECOMPRESSION  SICKNESS 


DRUG  0 

o  MORTALITY  STATISHCAL 

SIGNIFICANCE 

CONTROL 

78 

(31/40) 

PPCH*  (60  mg. 'kg) 

43 

(12/23) 

0  001  <  P  <  0  01 

PPCH  (120  mg 'kg) 

19 

(3/16) 

P  v  0001 

CONTROL 

78 

(14/18) 

PPBP”  (60  mg 'kg) 

44 

(8,  18) 

0  05  <  P  <  0.1 

CONTROL 

70 

(23/33) 

MIGRISTFNE'"  [40  mg/k) 

21 

(7/33) 

P  <  0  001 

PPCH  2  •  (4  -  phenyl  -  1 

-  PI 

iperazinyim 

ethyl)  cyclohevancma 

(Miles  -  Armes.  USA). 

PPBP  1  -  (N  methyl  -  piper  idyl  -  4)  -  3  -  phenyl  4  benzyl  • 
pyrazolone  -  5  (Sandoz,  USA). 

***  MIGHISIENE  dimrthothiazine  (Specie.  Prance). 

The  DS-preventing  effect  of  PPCH  has  recently  been 
confirmed  by  other  investigators"  in  experiments  with 
rats  and  hamsters. 

Seeking  additional  support  for  the  hypothesis  that 
smooth  muscle  stimulating  substances  play  a  role  In 
the  mechanism  of  decompression  sickness,  the  possi¬ 
bility  that  bradykinin  is  activated  in  animals  exposed  to 
hyperbaric-hypobaric  conditions  was  explored.  Lungs  from 
ocntrol  and  decompressed  mice  were  extracted  but  we 
found  no  evidence  of  bradykinin  activation.  We  did  enme 
across,  however,  a  new  smooth  muscle  stimulating  fac¬ 
tor  in  the  lung  extract,  the  activity  of  which  increases 
in  decompression  sickness.  This  previously  unidentified 
factor  was  called  S.M.A.F.,  which  is  the  acronym  derived 
from  Smooth  Muscle  Acting  Factor.  SMAF  Is  probably 
a  polypeptide  which  elicits  slow  weak  contractions  of 
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smooth  muscle,  causes  bronchocnnstricticm,  increases 
vascular  permeability,  exhibits  hypotensive  effects  and 
Increases  responsiveness  of  smooth  muscle  to  brady 
klnirt  and  other  stimulants 5- B  SMAF  was  subsequently 
found  also  in  blood,  kidney  and  other  organs  of  several 
species  including  humans. 

The  increase  of  SMAF  activity  in  DS  strengthens 
the  theory  that  smooth  muscle  stimulating  substanc.es 
are  implicated  in  the  pathogenesis  of  the  disease.  Accor 
ding  to  this  theory,  bradykiriin.  SMAF  and  other  smooth 
muscle  stimulating  substances  released  or  activated  in 
DS  induce  several  tissue  responses  which  contribute 
to  the  production  of  the  syndrome.  For  example,  brady 
kinin  and  SMAF  may  cause  bronchoconstriction,  which 
could  interfere  with  the  elimination  of  nitrogen.  This 
could  also  contribute  to  the  respiratory  distress  observed 
in  decompressed  animals.  These  agents  could  also  induce 
circulatory  changes  favoring  nucleation  and  growth  of 
gas  buhbles.  Furthermore,  they  may  increase  vascular 
permeability  which  could  contribute  to  the  production 
of  hypovolemic  shock  that  often  complicates  DS. 

Exposure  to  the  pressure  conditions  described  pre¬ 
viously  produces  decompression  sickness  in  obese  but 
not  in  thin  mice *  Even  when  decompression  from  90 
psi  to  sea  level  is  followed  by  exposure  to  simulated 
altitude  only  a  small  percentage  of  thin  mice  developed 
DS 

In  view  of  these  observations,  the  possibility  that 
administration  of  SMAF  could  render  thin  mice  suscep¬ 
tible  to  DS  and  that  PPCH  could  counteract  this  effect 
of  SMAF  was  entertained 

Thin  mice  were  subjected  to  90  psi  air  pressure 
for  5  hours,  decompressed  to  sea  level  and  after  a  short 
surface  interval  further  decompressed  to  a  simulated 
altitude  of  26-28.000  ft  Clinical  manifestations  of  DS  and 
pathologic  alterations  were  observed  in  a  few  animals 
and  mortality  was  only  12.5  ®o.  When,  however,  SMAF 
was  administered  before  exposure  to  altitude  most  of 
the  animals  developed  symptoms  and  pathologic  changes 
as  seen  in  the  susceptible  obese  mice  and  mortality 
reached  54  "a.  Treatment  of  the  animals  with  PPCH  be 
fore  compression  counteracted  tire  effect  of  SMAF  and 
prevented  DS  All  of  the  animals  survived,  and  none 
exhibited  any  pathologic  alterations  Considering  the  po- 
tulated  implication  of  smooth  muscle  stimulating  factors 
In  the  mechanism  of  DS  it  is  hypothesized  that  SMAI 
increases  the  susceptibility  of  thin  mice  to  DS  by  its 
direct  action  on  smooth  muscle  and/or  by  its  ability  to 
increase  responsiveness  of  smooth  muscle  organs  to 
bradykiriin  and  other  stimulants 

The  striking  DS-prt. venting  effect  of  PPCH  and  dime 
thotlna/ine  is  considered  to  be  primarily  due  to  the 
ability  of  these  compounds  to  block  the  action  of  smooth 
muscle  stimulating  substances  Other  mechanisms  howe¬ 
ver.  cannot  be  ruled  out.  The  findings  of  these  investi¬ 
gations  are  consistent  with  the  postulated  involvement 
of  humoral  factors  in  the  mechanism  of  DS  This  new 
pathogenic  consideration  provides  the  basis  for  a  novel 
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RESUME 

CONCEPTS  RECENTS  SUR  IE  MECANISME  ET  LA  PREVENTION  DE 
LA  MALADIE  DE  DECOMPRESSION. 

C  CHRYSSANTHOU  F  TFICHNF  R .  C.  GOIDSIFIN  et  W  ANTOPOL 
Mount  Sinai  School  of  Medicine.  University  de  New  Yo’k.  NY 
Centre  Medical  Beth  Israel.  New  York,  NY  (USA| 

Les  substances  Stimula-drs  dti  muse  Ip  lisse  |R\*<d>k  mine 
Histamine  5-HydroxytryptarHne.  etc  )  paraissent  jouer  un  rflte  dans 
la  pathogenic  de  la  maladic  de.  decompression  Cette  hyp-Mhesr  est 
basee  sur  les  observations  ciapriis  1)  La  Bra.lyluni-..'  intension 

les  alterations  path  .logi.-ji.e^  et  augment?  la  mortality  par  nuladle 

de  decompression  chef  des  snuris  obes*»s  expos*’*;-.  pendant  6  heu-es 
a  une  pression  absohie  de  90  psi  puis  d<V.nr;.pr}mees  cn  une  minute 
a  la  pression  do  niveau  de  la  mor  2)  Les  composes  S  aefivitr. 
antibrady Vinine  et  antihi-.tamine  (tels  qut*  le  2  4  phen>!  pip.  -,T/in>1 
niethyl  cyclohexanone)  prdviennonf  on  attiHoent  la  maladie  d+ 
decompression  cher  la  souris  le  hams!*  r  et  le  rat  31  Les  e*pe 
rienccs  suggerent  quo  la  dimethotbin/ine  (Migr  isJen,)  Old  combine 
des  actions  antihistamine  antibr.idykinine  et  anti  5  Hydro  ‘ytryptamine 
peuveoj  oussi  prevenir  la  maTa-die  de  deconv'essinn  chtv  la  sotr'is 
41  Un  nouveau  fact--.:'  d’aotu.oien  du  nm.  •  lisse  capab'*' 

d'augmentcr  la  pe^meabilite  vase  u'aire  et  In  reactivite  du  muscle 

a  la  bradykinine  et  aux  autrrs  stimulants,  a  6tr  recemment  trowv*- 

dans  le  sang  et  les  tissus  anlmaux  et  humain..  5)  L’adyite  de  cr 
facteur  augment?  lors  de  la  niafadie  de  dec--  mnrexsmn  6)  line 
decompression  «l  pnrt«r  d*>  on  psi  jusqu’au  niveau  de  In  n  -  -  pt.'vrvj-.i.* 
la  mala. fie  de  cMrnmpres-dnn  chc/  les  souris  ob*‘ s»  s  n\i is  non  rhe* 
les  souris  miners  Memo  lorsque  !a  dtfeompres  .mi  an  niveau  He 
la  mor  est  suivie  par  un*’  exposition  ,5  ralti*o',»  un  pet.t  puun  rnl.uje 
de  sum  is  minces,  seulrmrot.  prAsrnteot  un*  m.dadV  de  dAciv-i 
pression  Cependant.  lor-.que  !e  fa. -four  d’ai  *iv.i1*po  du  muscle  lisse 

est  admici-  !u?  a  ce  d*  rni»  :  group*-  1‘ineidr!.  H>  la  maladie 
augment,*  71  Le  2  4  P  P  cyclohexanone  contri  balance  les  effrts  du 

foe*  «’ur  H'activation  et  prAvient  la  maladie  He  d«  .  .  .vt--»  . 

les  facteurs  d’activation  du  muscle  lisse  tlbeies  on  actives  au 

Courr,  de  la  maladie  de  ddrompressinn  pouve  •*  ifid. ore  d*’s  rdpoo  .es 
tiSSli'.ure-;  nisi  ponrr.lient  COfitrihm  -  au  d*t  ’  '  , 'vm  •,*  du  sy-d-.UW 
Celt  co'-.'mt  a  d*’  nor/velle-  r»>’>eep*io''s  p.)1!:  '  j  u  et  fnurnit 

la  base  pour  un*'  approrhe  pharma*.  .jlegiqne  original?  d<  l,i  pn-v*  -.U-*n 
Ct  do  ranii'-*i,»i.iti,i!i  tie  la  m.iladie 
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Recent  technologic  advances  have  enabled  man 
to  descend  deeper  into  the  earth’s  hydrospace  and 
to  climb  higher  into  the  atmosphere  and  the  space 
beyond.  Scientific  curiosity,  socioeconomic  needs, 
newer  developments  in  air  travel,  and  the  increas¬ 
ing  popularity  of  scuba  diving  are  some  of  the  rea¬ 
sons  responsible  for  more  people  getting  farther 
away  from  the  surface  of  our  planet  more  often. 
But  as  man  leaves  his  natural  environment  on  the 
surface  of  the  earth  he  exposes  himself  to  poten¬ 
tially  dangerous  alien  conditions,  including 
changes  in  atmospheric  pressure.  Such  changes 
have  ill  effects  on  the  human  body  which,  in  ex¬ 
treme  situations,  may  be  fatal. 

Because  of  our  accelerated  aerospace  and  under¬ 
water  activities,  physiologic  problems  related  to 
the  effects  of  pressure  changes  have  assumed 
greater  importance,  and  renewed  attention  is 
being  focused  on  the  etiology,  mechanism,  preven¬ 
tion,  and  treatment  of  the  pathologic  conditions 
which  may  he  caused  by  such  pressure  changes. 
One  of  these  pathologic  conditions  is  dysbarism. 
Dysbartsm  is  a  syndrome,  exclusive  of  hypoxia,  re¬ 
sulting  from  the  existence  of  a  pressure  differen¬ 
tial  between  the  total  ambient  barometric  pressure 
and  the  total  pressures  of  dissolved  and  free  gases 

PreM  otod  at  the  167th  Annual  Mcrting  of  the  Medical  Soci¬ 
ety  of  the  State  of  New  York,  New  York  City,  Section  on  Space 
Medicine,  February  13,  1973. 

*  Supported  by  the  Office  of  Naval  Research,  Department  of 
the  Navy,  under  Contract  N’OOUl  1  68  A  0393  <\R  RM  73a),  the 
f'harlrs  H  Silver  Fund,  the  Saul  Singer  Foundation,  and  the 
f.enore  Weinstein  Fund. 
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within  i lie  body  tissues,  fluids,  and  i  .cities.  The 
term  h\ perb.iri-in  applies  to  the  i  midit  ii>n  . ! .  ,il- 
oping  when  the  ambient  gas  pro.~~uro  i  \<  i  •  ■ !  -  • '  it 
of  the  gas  within  the  body.  Cons er-a  ly,  h\ j ■  ’■  ir- 
ism  applies  to  the  condition  re.-ulting  fiom  an  <  \ 
cess  of  the  gas  pressure  within  the  body  o\i  r  i  lie 
ambient  gas  pressure.  Often  the  term  ils'l  oi  m 
is  used  to  refer  to  the  latter  condition,  the  p atho- 
genesis  and  treatment  of  which  is  the  ~uhj.it  of 
tin’s  report.  This  condition  is  also  known  by  -ev- 
(  ial  other  names  which  have  created  some  confu¬ 
sion  and  controversy  regarding  the  proper  termi¬ 
nology.  The  most  popular,  but  maybe  the  least 
appropriate,  term  is  “the  bends."  Although  this 
term  denotes  only  one  of  the  symptoms,  namely 
pain  in  the  joints,  it  is  often  used  to  characterize 
the  overall  syndrome.  Other  terms  implying  caus¬ 
es,  mechanism,  or  circumstances  of  development 
of  the  disorder  include  aeroembolism,  caisson  dis¬ 
ease,  divers’  disease,  aviators*  disease,  and  decom¬ 
pression  sickness.  The  term  decompression  sick¬ 
ness,  being  more  inclusive  and  having  a  broader 
use,  will  he  employed  in  this  presentation.  It  will 
refer  to  the  syndrome  which  results  from  a  reduc¬ 
tion  in  barometric  pressure  and  which  is  charac¬ 
terized  by  a  variety  of  symptoms  including  joint 
pains  (bends),  cough,  chest  pain  and  dyspnea 
(chokes),  vertigo,  skin  disturbances  such  as  rash 
and  pruritus  (itch),  and  central  nervous  system 
symptoms  such  as  visual  disturbances,  aphasias, 
paralyses,  and  so  forth.  Shock  and  long-delayed 
effects,  such  as  aseptic  hone  necrosis,  may  compli¬ 
cate  the  syndrome. 

Historic  aspects 

The  signs  of  decompression  sickness  were  first 
noted  in  1(559  by  Boyle’  in  animals  subjected  to  re¬ 
duced  atmospheric  pressure.  He  observed  convul¬ 
sions  preceding  the  death  of  the  animal  and  postu¬ 
lated  that  air-bubble  formation  in  the  blood  and 
tissues  of  the  body  contributed  to  the  premortal 
agony.  Speculating  on  the  effects  of  intravascular 
bubbles,  he  says:  .  .  and  so  by  chunking  up 

some  passages,  and  vitiating  the  figure  of  others, 
disturb  and  or  binder  the  due  circulation  of  the 
Blond.  Not  to  mention  the  pains  that  such  dis¬ 
tensions  (of  blood  vessels)  may  cause  in  some 
Nerves,  and  membranous  parts  .  .  .’’ 

Following  Boyle’s  observations  and  prophetic 
remarks,  the  subject  remained  almost  untouched 
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until  the  nintri  ntb  u  ntury  when  Pol  and  Wntclle2 
gave  thi‘  flr-t  .uvount  of  “compressed  air  illness” 
(e.U'  "U  di-i  .i-i)  and  came  (o  file  remarkable  con- 
v  li:  an  tli.it  the  d  m,;er  was  proportional  to  the  de¬ 
cree  md  period  of  eompie  'ion  and  espei  ially  to 
the  rapidity  of  dn  oinjirc'-ion.  They  also  indicat- 
eil  that  if  »\inptoins  of  the  disease  occurred,  the 
treatment  should  lie  n  cumpn  -.ion  follow  d  by 
Well  .haver  d<  >  ompri  -sion.  A  more  systematic 
study  w. is  jethli-hed  iii  l.vrx  hy  Pert1  who  indicat¬ 
ed  th.at  the  cause  of  the  symptoms  of  cai"on  rl  is  - 
i  use  was  the  liberation  of  nitrogen  huhhles  and 
demonstrated  that  if  animals  were  plaifd  in  an 
oxvgtn  rieh  atmosphere  for  some  time  before 
being  rapidly  decompressed,  no  bubbles  were 
formed. 

The  first  report  of  air  bubbles  in  animals  ex¬ 
posed  to  altitude  (tVJ.OUO  feet)  was  given  by 
Moppe-Seyler  in  1S57,4  and  Henderson,5  sixty 
years  later,  considered  the  possibility  of  decom¬ 
pression  sickness  in  flying  personnel,  but  he  com¬ 
mented  that  airplanes  at  that  time  were  not  get¬ 
ting  high  enough  and  fast  enough  for  the  disorder 
to  develop.  Rends  at  simulated  altitudes  were  re¬ 
ported  hy  -Jongbloed  in  1 !).'!(), and  a  year  later  hy 
Barcroft  et  al.7  Several  other  investigators,  in¬ 
cluding  Heller,  Mager,  and  von  Schrotter,s  who 
made  the  first  and  maybe  most  detailed  study  on 
divers’  bends,  Boycott  and  Damant,9  and  Hill10 
made  essential  contributions  to  our  knowledge  of 
decompression  sickness.  Finally,  the  work  of 
Armstrong,11  and  later  that  of  Rebuke, 12  provided 
a  basis  for  many  more  recent  developments  in  un¬ 
derwater  and  aerospace  physiology  which  have  im¬ 
proved  our  understanding  of  decompression  sick¬ 
ness. 

Etiology  and  pathogenesis 

Disorders  associated  with  changes  in  barometric 
pressure  are  better  understood  when  one  considers 
certain  simple  laws  of  physics.  Dalton’s  law  states 
that  the  total  pressure  of  a  mixture  of  gases  is  the 
sum  of  the  partial  pressures  of  each  gas.  Henry’s 
law  states  that  the  amount  of  gas  dissolved  in  a 
liquid  is  proportional  to  the  partial  pressure  of 
that  gas.  Accordingly,  at  sea  level  a  certain 
amount  of  nitrogen  is  dissolved  in  the  blood  and 
tissues  of  the  body,  that  amount  corresponding  to 
the  partial  pressure  of  nitrogen  at  sea  level.  Solu¬ 
bility  of  nitrogen,  or  of  any  other  substitution  gas, 
in  various  tissues  is  another  factor  which  influ¬ 
ences  the  amount  and  site  of  gas  concentration. 
When  the  ambient  air  pressure  increases  the  par¬ 
tial  pressure  of  nitrogen  also  increases,  and  thus 
more  gas  will  be  dissolved  in  the  fluids  and  tissues, 
and  a  new  equilibrium  will  he  established,  provid¬ 
ing  that  exposure  to  the  hyperbaric  environment 
has  been  given  sufficient  time. 

When  one  is  exposed  to  an  environment  of  lower 
barometric  pressure,  the  nitrogen  already  dis¬ 


solved  in  the  blood  and  tissues  will  be  in  disequili¬ 
brium  with  the  environment.  This  will  occur 
when  one  returns  to  sea  level  from  a  higher  pres¬ 
sure,  as  in  the  ease  of  an  ascending  diver,  or  when 
one  leaves  the  surface  of  the  earth  and  exposes 
oneself  to  the  reduced  pressure  of  high  altitudes 
and,  of  course,  to  the  lack  of  pressure  in  space.  In 
both  situations  the  gas  dissolved  in  blood  and 
ti-  ues  of  the  body,  having  a  partial  pressure  high¬ 
er  than  that  in  the  environment,  tends  to  leave  the 
liquid  phase.  If  the  rate  of  the  reduction  of  the 
ambient  pressure  is  slow  enough  to  permit  gradual 
elimination  of  the  “excess”  nitrogen  through  the 
lungs,  in  all  probability  no  ill  effects  will  be  ob¬ 
served.  But  if  the  fall  in  barometric  pressure  is 
rapid,  the  blood  and  tissues  will  Income  super¬ 
saturated  with  nitrogen  which  will  tend  to  “precip¬ 
itate”  as  lnihhles. 

I’lie  Al'  (differential  pressure)  or  tendency  for  a 
gas  to  leave  the  liquid  phase  is  given  in  t lie  equa¬ 
tion  introduced  by  Harvey  in  which  AP  =  t  —  P, 
where  t  is  (he  total  tension  of  the  dissolved  gas(es) 
in  the  medium,  and  P  is  the  ambient  pressure  con¬ 
sisting  of  the  total  pressure  of  gases  in  tiie  environ¬ 
ment  plus  the  hydrostatic  pressure  of  the  blood  or 
tissue.  It  is  apparent  that  when  the  P  decreases, 
as  during  exposure  to  an  environment  of  lower 
barometric  pressure,  the  AP,  that  is  the  tendency 
of  gas  to  come  out  of  solution,  increases. 

It  is  not  difficult  to  appreciate  the  fact  that  de¬ 
compression  sickness  of  caisson  workers,  divers,  or 
aviators,  although  differing  in  the  circumstances  of 
its  development  and  progression  of  the  process,  in¬ 
volves  the  same  fundamental  mechanism  and  thus 
exhibits  many  similarities  in  its  manifestation. 
Despite  uncertainties  regarding  the  origin,  site, 
and  mode  of  action,  gas  bubbles  are  generally  ac¬ 
cepted  as  the  basic  initiating  factor  in  the  produc¬ 
tion  of  the  disorder. 

The  gas  bubbles  are  formed  first  in  tissues  and 
the  venous  circulation,  appearing  later  in  the  arte¬ 
ries.  The  formation  and  growth  of  gas  bubbles  in 
tissues  and  blood  have  several  direct,  as  well  as  in¬ 
direct,  potentially  detrimental  effects.  They  may 
obstruct  blood  flow  and  result  in  ischemia  and  in¬ 
farction.  Expanding  bubbles  in  muscles  and  ten¬ 
dons  may  cause  pain  by  distorting  and  deforming 
nerve  endings.13  Ischemia  and  release  or  activa¬ 
tion  of  humoral  agents  may  also  contribute  to  the 
production  of  pain.  Gas  bubbles  arising  in  the 
vessels  and  lipid-rich  tissues  of  the  brain  and  spi¬ 
nal  cord  or  air  embolization  of  the  central  nervous 
system  could  be  responsible  for  neurologic  mani¬ 
festations,  and  embolization  to  the  lung  could  con¬ 
tribute  to  the  respiratory  signs  of  the  disease. 

’i’lie  bubble  theory,  however,  is  not  all  inclusive 
and  leaves  an  appreciable  deficit  in  our  under¬ 
standing  of  various  phenomena  and  problems  in 
decompression  sickness.  Signs  of  the  sickness 
may  develop  without  evidence  of  circulatory  ob¬ 
struction  by  gas  bubbles,  and  gas  bubbles  can  exist 
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without  manifestation  of  the  disease  (the  so  railed 
“silent"  bubbles).  Furthermore,  gas  hubbies,  or  at 
least  their  direct  effects,  cannot  explain  certain 
complications. 

It  seems  plausible  that  gas  bubbles  only  initiate 
a  complex  and  self-propagating  disease  process, 
the  development  and  seriousness  of  which  depend 
more  on  the  involvement  of  hiohumoral  and  other 
faetors  than  on  the  gas  bubble  itself. 

•  Fat  emboli  produced  by  decompression  injury  to 
bone  marrow  and  adipose  tissue  or  resulting  from 
a  gas  induced  disruption  of  lipoprotein  linkages  in 
the  blood,  have  been  implicated  in  the  pathogene¬ 
sis  of  the  syndrome. 14  lfi  (’lumping  of  red  blood 
cells  was  considered  a  secondary  complicating  fac¬ 
tor  as  early  as  1938.17  Disseminated  intravascular 
coagulation  associated  with  a  fall  in  the  circulating 
platelet  count  may  also  play  an  important  patho¬ 
genetic  role.18 

Many  of  the  previously  mentioned  complicating 
factors  may  be  the  result  of  surface  activity  of  the 
bubbles.19  Intravascular  gas  bubbles  may  act  as 
foreign  surfaces  to  cause  denaturation  of  plasma 
proteins,  clumping  of  red  blood  cells,  platelet  ad¬ 
hesion  and  aggregation,  coalescence  of  plasma  lip¬ 
ids,  and  activation  of  the  Hageman  factor,  which 
in  turn  could  result  in  activation  of  the  coagulation 
mechanism,  of  the  kinin  system,  and  of  other  hu¬ 
moral  agents.15,19-23  Gas- induced  osmosis  result¬ 
ing  in  changes  of  water  concentration  in  certain 
tissues  has  also  been  recently  considered  as  a  fac¬ 
tor  in  decompression  sickness  and  in  aseptic  hone 
necrosis  produced  by  exposure  to  dysbaric  condi¬ 
tions.24 

Prevention  and  treatment 

Susceptibility  to  decompression  sickness  and  se¬ 
verity  of  the  pathologic  changes  depend  on  many 
predisposing  factors,  including  species,  age,  sex, 
amount  of  adipose  tissue  (obesity),  and  prior  expo¬ 
sure  to  dysbaric  conditions.  For  example,  diving 
preceding  exposure  to  altitude  predisposes  one  to 
decompression  sickness,  and  obesity  increases  sus¬ 
ceptibility  to  the  disease.  Preoxygenation  for  sev¬ 
eral  hours  at  ground  level  by  removing  nitrogen 
(denit rogenaf ion)  reduces  the  potential  of  bubble 
formation  and  serves  to  protect  against  the  dis¬ 
ease.  Heparin,  with  its  anticoagulant  and  lipid- 
clearing  effect,  has  been  used  for  both  prophylaxis 
and  treatment  of  decompression  sick  ness. 20,25,26 
Plasma  expanders,  such  as  dextran,  have  been  em¬ 
ployed  in  the  treatment  of  the  disease,  particularly 
to  counteract  the  hemoconcentralion  and  hypovo¬ 
lemic  shock  that  often  complicate  the  syn¬ 
drome.14-27  Dextran,  in  addition  to  compensating 
for  the  plasma  deficit,  may  also  act  by  means  of  its 
anticoagulant  effect  and  its  inhibition  of  platelet 
adhesiveness. 

Several  other  pharmacologic  agents  have  been 
used  for  the  prevention  and  treatment  of  decorn- 
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pression  sickness.  Some  of  them  appeared  prom¬ 
ising;  others  generated  skepticism.  Many  did  not 
prove  commc  n.-urate  with  the  expectations  and 
were  abandoned.  Research  is  in  progress  on  new 
pharmacologic  approaches.  However,  until  more 
light  is  shed  orr  the  obscure  pathogenesis  of  de¬ 
compression  sickness  and  the  effectiveness  of  new 
treatments  is  established,  conventional  prophylac¬ 
tic  and  therapeutic  measures  will  still  prevail. 
These  include  gradual  safe  decompression  and 
breathing  of  oxygen  or  oxygen  and  inert  gas 
mixtures  as  a  prophylactic  procedure  and  immedi¬ 
ate  oxygen  or  air  reemnpression  followed  by  grad¬ 
ual  decompression  as  a  therapeutic  method.  Be¬ 
cause  flie-e  procedures  are  neither  foolproof  no r 
their  application  always  possible,  the  need  for  al- 
tc  motive  or  siipplenu  ntary  treatments  is  evident. 

%* 

Studios  conducted  in  our  laboratories 

Our  work  on  the  mechanism  and  prevention  of 
decompression  sickness  led  us  to  theorize  that 
smooth  muscle-stimulating  substances  are  impli¬ 
cated  in  the  pathogenesis  of  the  disease.  This 
concept  is  based  on  the  following  observations: 
(1)  bradykinin  intensifies  pathologic  alterations 
and  increases  the  mortality  rate  in  decompression 
sickness; 28  (2)  compounds  such  as  FPCH  (2  (4- 
phenyl-  1  -piperazinylmethylHyclohexanone)28-29 
and  dimethothiazine  (Migristene)30  with  activities 
against  smooth  muscle-stimulating  substances  (for 
example,  bradykinin,  histamine,  5-hydroxytryp- 
tamine)  ameliorate  and  even  prevent  decompres¬ 
sion  sickness;  (3)  the  activity  of  a  new  humoral 
SMAF  (smooth  muscle  acting  factor)  increases  in 
decompression  sickness;22  (4)  SMAF  potentiates 
bradykinin  and  other  smooth  muscle  stimulants, 
causes  bronchoconstriction,  and  increases  vascular 
permeability;23,31  and  (5)  SMAF-  increases  suscep¬ 
tibility  to  decompression  sickness.29 

Decompression  sickness  was  produced  in  obese 
mice  by  subjecting  the  animals  to  00  psi  (absolute) 
air  pressure  for  six  hours  and  then  decompressing 
them  within  one  minute  to  sea  level.  The  various 
groups  of  control  and  drug-treated  animals  were 
all  simultaneously  exposed  to  identical  pressure 
conditions.  Soon  after  decompression  the  control 
animals  exhibited  scratching,  respiratory  distress 
with  choking,  hiccup,  convulsions,  and  most  of 
them  expired  within  thirty  minutes  following  de¬ 
compression.  Gross  and  microscopic  examination 
revealed  gaseous  distention  of  the  gastrointestinal 
tract,  accumulation  of  gas  in  the  adipose  tissue, 
and  presence  of  gas  bubbles  in  the  bone  marrow, 
spleen,  adrenals,  vena  cava,  right  side  of  the  heart, 
and  in  pulmonary  and  other  vessels.  Among  other 
findings  there  was  an  increase  in  the  perivascular 
space  in  the  lung  (edema?),  bronchoconstriction, 
and  pronounced  hyperemia  and  hemorrhagic  foci 
in  the  bone  marrow. 

Administration  of  bradykinin  immediately  after 
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decompression  exaggerated  many  of  these  patho¬ 
logic  alterations  and  increased  the  number  of 
deaths.  In  contrast  in  animals  treated  with  l'l’fli 
or  dimethothiazine  prior  to  compression  clinical 
manifestations  were  ameliorated,  pathologic 
changes  were  minimal  or  absent,  and  the  mortality 
rate  was  significantly  reduced  (Table  I).  The  de- 
'  compression  sickness-preventing  effect  of  PPOH 
has  recently  been  confirmed  by  other  investigators 
in  experiments  with  rats  and  hamsters.32 

Seeking  additional  support  for  the  hypothesis 
that  smooth  muscle-stimulating  substances  play  a 
role  in  the  mechanism  of  decompression  sickness, 
we  explored  the  possibility  that  bradykinin  is  acti¬ 
vated  in  animals  exposed  to  compression  decom¬ 
pression.  We  extracted  tissues  from  control  and 
decompressed  mice,  but  we  found  no  evidence  of 
bradykinin  activation.  We  did,  however,  come 
across  a  new  smooth  muscle-stimulating  factor  in 
the  lung  extract,  the  activity  of  which  increases  in 
decompression  sickness.  'Phis  previously  uniden¬ 
tified  factor  was  called  SMAF,  which  is  the  acro¬ 
nym  derived  from  smooth  muscle  acting  factor. 
SMAF  is  probably  a  polypeptide  which  elicits  slow 
weak  contractions  of  smooth  muscle,  causes  bron- 
choeonstriction,  increases  vascular  permeability, 
t  and  potentiates  bradykinin  and  other  smooth- 
muscle  stimulants.-2'31  SMAF  was  subsequently 
also  found  in  blood,  kidney,  and  other  organs  of 
several  species  including  human  beings.  The 
physical,  chemical,  biologic,  and  pharmacologic 
properties  of  SMAF  distinguish  it  from  similar 
substances,  such  as  bradykinin,  substance  P,  pros¬ 
taglandin,  and  various  other  factors  which  cither 
stimulate  smooth  muscle  or  increase  its  respon¬ 
siveness  to  stimulants. 

The  increase  of  SMAF  activity  in  decompres¬ 
sion  sickness  strengthens  the  theory  that  smooth 
muScle-stimulating  substances  are  involved  in  the 
pathogenesis  of  the  disease.  According  to  this 
theory,  bradykinin,  SMAF,  and  other  smooth 
muscle  stimulating  substances  released  or  activat¬ 
ed  in  decompression  sickness  induce  several  tissue 
responses  which  contribute  to  the  production  of 
the  syndrome.  For  example,  bradykinin  and 
SMAF,  by  causing  bronchoconstriction,  could  in¬ 
terfere  with  the  elimination  of  nitrogen.  This 
could  also  contribute  to  the  respiratory  distress 


observed  in  decompressed  animals.  These  agents 
could  also  induce  circulatory  changes  favoring  nu- 
cleation  and  growth  of  gas  bubbles.  Furthermore, 
they  may  increase  vascular  permeability  which 
mold  contribute  to  the  production  of  hemocom  on- 
t  rat  ion  and  hypovolemic  shock  that  often  compli¬ 
cates  decompression  sickness.  The  mechanism  by 
which  SMAF,  bradykinin,  and/or  other  .-Month 
muscle  st  imiilat  ing  agents  are  .activated  or  re¬ 
leased  is  at  present  a  matter  of  speculation,  (las 
bubbles  may  cause  cellular  injury  or  alteration  re¬ 
sulting  in  tlie  release  of  such  agents  or  of  their  ac¬ 
tivators.  Or,  surface  activity  of  bubbles  may  acti¬ 
vate  plasma  components  such  as  the  If. (genian  fac¬ 
tor  which  in  turn  may,  directly  or  indirectly,  cause 
release  or  act  i vat  ion  of  humoral  age  nts. 

Exposure  to  the  pressure  conditions  de-crihed 
previously  produces  decompression  sickness  in 
obese  but  not  in  thin  mice.33  Even  when  decom¬ 
pression  from  90  psi  to  sea  level  is  followed  by  ex¬ 
posure  to  simulated  altitude  only  a  small  percent¬ 
age  of  (bin  mice  developed  decompression  sick- 

•Hi 

ness. 

In  view  of  these  observations,  the  possibility 
that  administration  of  SMAF  could  render  thin 
mice  susceptible  to  decompression  sickness  and 
that  ITCH  could  counteract  this  effect  of  SMAF 
was  entertained. 

'Fhin  mice  were  subjected  to  90  psi  air  pressure 
for  five  hours,  decompressed  to  sea  level,  and  after 
a  short  surface  interval  further  decompressed  to  a 
simulated  altitude  of  26,000  to  28,000  feet.  Clini¬ 
cal  manifestations  of  decompression  sickness  and 
pathologic  alterations  were  observed  in  a  few  ani5 
mills,  and  the  mortality  rate  was  only  12.5  per 
cent.  When,  however,  SMAF  was  administered 
before  exposure  to  altitude  most  of  the  animals  de¬ 
veloped  symptoms  and  pathologic  changes  as  seen 
in  the  susceptible  obese  mice,  and  the  mortality 
rate  reached  15  per  cent.  Treatment  of  the  ani¬ 
mals  with  l’PCH  before  compression  counteracted 
t lie  effect  of  SMAF  and  prevented  decompression 
sickness.  All  of  (lie  animals  survived,  and  none 
exhibited  any  pathologic  alterations.29  Consid¬ 
ering  the  postulated  implication  of  smooth  mus¬ 
cle  stimulating  factors  in  the  mechanism  of  de¬ 
compression  sickness  it  is  hypothesized  that 
SMAF  increases  the  susceptibility  of  thin  mice  to 
the  sickness  by  its  direct  action  oil  smooth  muscle 
and/or  by  its  ability  to  increase  responsiveness  of 
smooth  muscle  organs  to  bradykinin  and  other 
stimulants. 

The  striking  decompression  sickness  prevent  ing 
effect  of  PPCH  and  dimethothiazine  is  considered 
to  be  primarily  due  to  the  ability  of  these  com¬ 
pounds  to  block  the  action  of  smooth  muscle  stim¬ 
ulating  substances.  Other  mechanisms,  however, 
cannot  be  ruled  out.  The  findings  of  these  inves¬ 
tigations  are  consistent  with  the  postulate  that  hu¬ 
moral  factors  are  involved  in  the  mechanism  of  de¬ 
compression  sickness.  This  pathogenetic  concept 
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provides  the  basis  for  a  new  phnrmaiulu^ir  ap¬ 
proach  to  the  prevention  or  amelioration  of  t lie 
disease. 

it,  t h  r.r.n  i  Nt. i  r,  ntcr 
10  Nathan  I).  lYrliuuii  Place 
New  York,  New  Yt*rk  10003 
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INTRODUCTION 

The  role  of  gas  bubbles  as  an  initiating  factor  in  the  pathogenesis  of  decompression  sickness 
(DS)  is  generally  accepted.  However,  the  nature  of  Several  bubble-induced  pathologic  alterations  and  the 
mechanism  of  their  development  are  still  obscure.  Direct  effects  of  gas  bubbles,  such  as  vascular  obstruc¬ 
tion,  although  they  explain  some  of  the  components  of  the  syndrome,  leave  an  appreciable  deficit  in  our 
understanding  of  several  pathophysiologic  phenomena  observed  in  the  disease.  Signs  of  DS  may  develop 
without  evidence  of  circulatory  obstruction  by  gas  bubbles,  and  gas  bubbles  can  be  present  without  man¬ 
ifestation  of  DS,  the  so-called  “silent”  bubbles. 

DS  may  be  a  complex  self-propagating  disease  process  in  which  gas  bubbles,  in  addition  to  their 
direct  effects,  may  initiate  chain  reactions  involving  biohumoral  and  other  factors  which  could  be  respons¬ 
ible  for  several  pathologic  changes  occurring  in  this  malady.  In  fact,  the  nature  and  severity  of  structural 
and  functional  alterations  in  DS  may  depend  more  upon  the  effects  of  such  secondary  factors  than  upon  the 
gas  bubble  itself. 

Clumping  of  red  blood  cells  was  considered  a  secondary  complication  as  early  as  1938  (1). 
Hypovolemia  and  hemoconcentration  (2),  fat  emboli  resulting  from  decompression  injury  to  bone  marrow 
and  adipose  tissue  or  from  gas-induced  disruption  of  blood  lipoproteins  (3,  4,  5),  and  gas-induced  osmosis 
resulting  in  changes  of  water  concentration  in  certain  tissues  (6),  have  been  implicated  in  DS.  Recently, 
disseminated  intravascular  clotting  associated  with  a  fall  in  the  circulating  thrombocyte  count  was  em¬ 
phasized  as  an  important  pathogenetic  factor  (7).  Many  of  these  contributing  or  complicating  factors  may 
come  into  play  as  a  result  of  surface  activity  of  the  bubbles  (8).  Intravascular  gas  bubbles  may  act  as  foreign 
surfaces  to  cause  denaturation  of  plasma  proteins,  clumping  of  red  blood  cells,  platelet  adhesion  and  aggre¬ 
gation,  coalescence  of  plasma  lipids  and  activation  of  the  Hageman  factor  and  other  enzymes  which  in  urn 
could  trigger  the  coagulation  mechanism  and  activate  kinins  and  other  biohumoral  agents  (4.8  12). 

Our  work  in  DS  in  the  last  ten  years  provided  data  strongly  suggesting  that  smooth  muscle 
stimulating  substances  may  play  important  roles  in  the  pathogenesis  of  this  disease  ( I  2  19). 


The  effect  of  smooth  muscle  stimulants  and  of  their  antagonists  on  DS 

The  first  observations  that  drew  our  attention  to  the  possibility  that  smooth  muscle  stimulating 
agents  may  be  involved  in  the  mechanism  of  DS.  was  the  similarity  of  certain  pathologic  alterations  pro 
duced  by  bradykinin  to  some  of  those  seen  in  animals  subjected  to  compression-decompression.  We  wvic 
thus  led  to  explore  the  possible  influence  of  smooth  muscle  stimulants  and  of  their  antagonists  on  DS. 

DS  was  produced  in  genetically  obese  mice,  which  are  susceptible  to  the  disease,  by  subjecting 
the  animals  to  90  psi  (absolute)  air  pressure  for  6  hours  and  then  decompressing  them  within  I  minute  to 
sea  level. The  various groups  of  control  and  drug-treated  animals  were  all  simultaneously  exposed  to  identical 
pressure  conditions.  Soon  after  decompression,  the  control  animals  exhibited  scratching,  respiratory  dis¬ 
tress  with  choking,  hiccough-like  spells,  convulsions,  and  most  of  them  expired  within  30  minutes  following 
decompression.  Gross  and  microscopic  examination  revealed  gaseous  distension  of  the  gastrointestinal  tract, 
accumulation  of  gas  in  the  adipose  tissue,  and  presence  of  gas  bubbles  in  the  bone  marrow,  spleen,  adrenals, 
vena  cava,  right  side  of  the  heart  and  pulmonary  vessels.  Among  other  findings,  there  was  an  increase  in  the 
perivascular  space  in  the  lung  (edema?  ),  bronchoconstriction  and  pronounced  hyperemia  and  hemorrhagic 
foci  in  the  bone  marrow. 

Administration  of  bradykinin  immediately  after  decompression  exaggerated  many  of  the  above- 
mentioned  pathologic  alterations  and  increased  mortality  (14).  In  contrast,  in  animals  pretreated  with 
compounds  which  combine  activities  against  bradykinin,  histamine  and  5 -hydroxytryptamine.  clinical 
manifestations  of  DS  were  ameliorated,  pathologic  alterations  were  minimal  or  absent,  and  mortality  was 
significantly  reduced  (14,  16,  19).  The  agents  used  included  2-  (4  phenyl  1  piperazinylmethyl) 
cyclohexanone  (PPCH),  diomethothiazine  (Migristene),  amidopyrine,  and  1  (N-mcthyl  piperidyl  4) 
3  phenyl  4  benzyl  pyrazolone  S.  The  following  table  presents  the  influence  of  the  two  most  effective 
compounds  on  mortality  in  DS. 

EFFECT  OF  ANTAGONISTS  OF  SMOOTH  MUSCLE  STIMULANTS 
OF  OBESE  MICE  IN  DECOMPRESSION  SICKNESS 


Drug 

£  Mortality 

Statistical 

Significance 

Control 

78  (31/40) 

PPCH  (60  mg/kg) 

43  (12/28) 

0.001  <P<0.0I 

PPCH  (120  mg/kg) 

19(3/16) 

P<  0.001 

Control 

70  (23/33) 

Migristene 

21  (7/33) 

P<  0.001 

The  DS-preventing  effect  of  PPCH  has  recently  been  confirmed  by  other  investigators  (20)  in 
experiments  with  rats  and  hamsters. 

The  observations  described  above  provided  reasonable  support  to  the  hypothesis  that  bradykinin 
and  possibly  other  smooth  muscle  stimulating  humoral  agents  play  a  role  in  the  mechanism  of  DS.  Seeking 
additional  evidence,  we  explored  the  possibility  that  bradykinin  is  activated  in  animals  exposed  to  com¬ 
pression-decompression.  We  extracted  tissues  from  control  and  decompressed  mice,  but  wc  found  no  evi¬ 
dence  of  bradykinin  activation.  Wc  did,  however,  encounter  a  new  smooth  muscle  stimulating  factor  in  the 
lung  extract,  the  activity  of  which  increases  in  decompression  sickness  (12).  This  previously  unidentified 
factor  was  called  SMAF,  which  is  the  acronym  derived  from  Smooth  Muscle  Acting  Factor. 


SMAF  and  its  possible  implication  in  the  pathogenesis  of  DS 

SMAF  is  probably  a  polypeptide  which  elicits  slow,  weak  contractions  of  smooth  muscle, 
causes  bronchoconstriction,  increase  vascular  permeability  and  potentiates  bradykinin  and  other  smooth 
muscle  stimulants.  SMAF,  which  was  originally  extracted  from  mouse  lung,  was  also  found  in  blood,  kidney, 
placenta  and  other  organs  of  several  species,  including  humans.  The  method  of  SMAF  extraction  and  partial 
purification,  as  well  as  its  physical  and  chemical  properties  and  biological  activities,  were  dealt  with  in 
previous  communications  (12,  IS,  17).  Recent  attempts  to  further  purify  SMAF  by  Sephadex  G  25 
chromatography  in  6  M  urea  enabled  isolation  of  at  least  3  different  subfractions.  One  of  these  subfractions, 
which  exhibited  the  greatest  pharmacologic  activity,  was  further  fractionated  by  means  of  ion-exchange 
chromatography  (DEAE-cellulose)  using  a  buffer  concentration  gradient  at  pH  8.  The  elution  curve  re¬ 
vealed  several  peaks  which  are  being  analyzed  and  pharmacologically  evaluated. 

The  observed  increase  of  SMAF  activity  in  the  lungs  of  decompressed  mice  (12)  strengthens 
the  hypothesis  that  smooth  muscle  stimulating  substances  are  involved  in  the  pathogenesis  of  the  disease. 
According  to  this  theory,  SMAF  and  possibly  bradykinin  and  other  biohumora!  agents  released  or  activated 
in  DS,  induce  several  tissue  responses  which  could  contribute  to  the  production  of  the  syndrome.  For  ex¬ 
ample,  bradykinin  and  SMAF,  by  causing  bronchoconstriction,  could  interfere  with  the  elimination  of  nitro¬ 
gen  and  also  contribute  to  the  respiratory  distress.  These  agents  could  also  induce  circulatory  changes 
favoring  nucleation  and  growth  of  gas  bubbles.  Furthermore,  they  increase  vascular  permeability  which 
could  lead  to  hemoconcentration  and  hypovolemic  shock  which  often  complicate  DS.  In  addition,  brady- 
kinin  and  other  smooth  muscle  stimulants  could  be  responsible  at  least  in  part  for  the  pain  which  is  one  of 
the  most  common  symptoms  in  DS. 

Consideration  of  SMAF  as  a  pathogenetic  factor  in  DS  would  be  on  a  safer  basis  if  it  could  be 
demonstrated  that  administration  of  this  agent  aggravates  or  increases  susceptibility  to  the  disease  and  that 
compounds  which  block  the  effects  of  SMAF  prevent  or  ameliorate  the  syndrome. 

Exposure  to  the  pressure  conditions  described  previously  produces  decompression  sickness  in 
obese  mice  but  not  in  their  thin  siblings.  In  fact,  we  have  observed  a  significant  correlation  between  degree 
of  obesity  and  mortality  in  DS  (13).  Even  when  decompression  from  90  psi  to  sea  level  is  followed  by  ex¬ 
posure  to  simulated  altitude,  only  a  small  percentage  of  thin  mice  developed  DS  (16). 

In  view  of  these  observations,  the  “non-susceptible"  thin  mouse  seemed  a  convenient  modality 
to  explore  the  possible  DS-enhancing  effects  of  SMAF  and  at  the  same  time  investigate  if  PPCH  could 
counteract  such  effects. 

Thin  mice  were  subjected  to  90  psi  air  pressure  for  5  hours,  decompressed  to  sea  level  and  after 
a  short  surface  interval  further  decompressed  to  a  simulated  altitude  of  26-28,000  ft.  Clinical  manifesta¬ 
tions  of  DS  and  pathologic  alterations  were  observed  in  a  few  animals  and  mortality  was  only  12.5%.  When, 
however,  SMAF  was  administered  before  exposure  to  simulated  altitude,  most  of  the  animals  developed 
symptoms  and  pathologic  changes  as  seen  in  the  susceptible  obese  mice  and  mortality  reached  45%.  Treat¬ 
ment  of  the  animals  with  PPCH  before  compression  counteracted  the  effect  of  SMAF  and  prevented  DS. 
All  of  the  PPCH-treated  animals  survived,  and  non  exhibited  any  pathologic  alterations  (16).  Considering 
the  postulated  implication  of  smooth  muscle  stimulating  factors  in  the  mechanism  of  DS,  it  is  hypothesized 
that  SMAF  increased  the  susceptibility  of  thin  mice  to  DS  by  its  direct  action  on  smooth  muscle  and/or  by 
its  abiliyt  to  increase  responsiveness  of  smooth  muscle  organs  to  bradykinin  and  other  stimulants. 

Accordingly  the  striking  DS-preventing  effect  of  PPCH  could  be  due  to  inhibition  of  the  direct 
effects  of  SMAF  and/or  to  the  antagonism  of  bradykinin  and  of  other  smooth  muscle  stimulants  to  which 
SMAF  increases  the  responsiveness  of  smooth  muscle  organs. 


I  In-  nii-i'liHiiisni  «f  release  or  activation  of  smooth  muscle  stimulants  in  DS. 

The  mechanism  involved  in  the  release  or  activiation  of  smooth  muscle  stimulating  substances 
m  US  is  obscure,  but  several  possibilities  merit  consideration. 

Biohumoral  agents  may  be  released  or  activated  as  a  result  of  direct  tissue  injury  by  expanding 
eas  bubbles.  Or,  gas  bubbles  may  trigger  an  indirect  mechanism  involving  circulatory  impairment,  decreased 
tissue  perfusion,  anoxia  with  disruption  of  lysosomes  and  release  of  enzymes  (21,  22)  that  could  activate 
humoral  agents. 

Recent  data  regarding  gas-liquid  interphase  phenomena  provide  additional  background  for 
speculation.  It  has  been  reported  that  the  blood-gas  interphase  may  interact  with  plasma  proteins  and  with 
formed  elements  of  the  blood,  resulting  in  adhesion  and  aggregation  of  thrombocytes  and  possibly 
activation  of  enzyme  systems  (4,  8-11). 

In  view  of  these  hypotheses,  it  is  not  inconceivable  that  smooth  muscle  stimulating  agents  may 
be  liberated  from  thrombocytes  and/or  activated  in  the  course  of  chain  reactions  initiated  by  the  surface 
activity  of  gas  bubbles.  Such  reactions  could  involve,  for  example,  the  kinin  system  triggered  by  the  acti¬ 
vation  of  the  Hageman  factor,  or  the  complement  system  with  formation  of  prostaglandins  and  mast  cell 
degranulating  factors.  These  and  other  known  or  still  undiscovered  mechanisms  may  be  implicated  in  the 
process  of  generation  of  smooth  muscle  stimulating  activity  in  DS. 

To  explore  the  possibility  that  gas-blood  interphase  may  cause  release  or  activation  of  smooth 
muscle  stimulating  agents,  the  following  pilot  experiments  were  conducted  in  vitro:  Rabbit  blood  was 
either  subjected  to  compression-decompression  in  a  pressure  chamber  or  in  a  syringe,  or  was  bubbled  with 
nitrogen.  Some  blood  samples  contained  anticoagulant,  others  did  not.  In  both  cases,  strict  precautions 
were  taken  to  ensure  that  the  blood  came  in  contact  only  with  siliconized  plastic  surfaces.  When  anti¬ 
coagulant  was  used  (heparin,  KDTA  or  citrate),  cell-free  and  thrombocyte  containing  plasma  was  prepared 
and  aliquots  of  each  preparation  were  either  compressed  and  decompressed  in  the  chamber  or  bubbled  with 
nitrogen.  Extracts  of  these  blood  and  plasma  samples  and  of  corresponding  controls  were  tested  for  smooth 
muscle  stimulating  activity  on  isolated  rat  uterus. 

The  results  of  these  experiments,  which  are  still  in  progress,  will  be  fully  reported  in  future 
communications.  Preliminary  data,  however,  indicate  that  both  compression-decompression  and  nitrogen 
bubbling  increase  the  smooth  muscle  stimulating  activity  of  blood.  In  cell-free  plasma,  however,  the  increase 
in  activity  was  appreciably  less  pronounced,  suggesting  that  formed  elements  of  the  blood  probably  are 
implicated  in  the  mechanism  whereby  gas  bubbles  generate  smooth  muscle  stimulating  activity. 

The  nature  of  the  smooth  muscle  stimulating  agent  (s)  involved  has  not  yet  been  determined. 
Partial  reduction  in  the  activity  of  the  extracts  following  incubation  with  carboxypeptidase  B,  suggests, 
however,  the  possibility  that  at  least  part  of  the  activity  is  due  to  substances  with  peptide  moieties. 


CONCLUSIONS 

The  results  of  our  investigations  on  the  pathogenesis  of  DS  indicate: 

1 .  Certain  pathologic  alterations  observed  in  DS  exhibit  similarities  to  some  of  the  histo¬ 
logic  changes  seen  in  animals  treated  with  bradykinin. 

2.  Bradykinin  increased  mortality  and  intensifies  some  of  the  pathologic  changes  produced 
in  DS. 

3.  The  activity  of  SMAF,  a  new  humoral  smooth  muscle  stimulating  agent,  increases  in  DS. 

4.  Obese  mice  are  more  susceptible  to  DS  than  their  thin  siblings. 
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5.  SMAF  increases  the  susceptibility  of  thin  mice  to  DS. 

6.  Compounds  with  activities  against  bradykinin,  histamine  and  serotonin  prevent  or 
ameliorate  DS  in  obese  mice  and  counteract  the  increased  susceptibility  induced  in  thin 
mice  by  SMAF. 

7.  Preliminary  observations  suggest  that  in  vitro  compression-decompression  or  nitrogen 
bubbling  of  blood  increase  its  smooth  muscle  stimulating  activity. 

The  above  findings  are  consistent  with  the  hypothesis  that  smooth  muscle  stimulating  agents  arc 
implicated  in  the  mechanism  of  DS.  This  pathogenetic  concept  and  the  striking  protective  effect  of  com¬ 
pounds  which  antagonize  smooth  muscle  stimulants  provide  the  basis  for  a  new  pharmacologic  approach  to 
the  prevention  or  amelioration  of  the  disease. 
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INTRODUCflON 

The  put nojeriosis  of  decor*  pression  sickness  is  still 
obscure .  Increasing  evidence  suggests  that  gas  bubbles, 
in  addition  to  their  direct  effects,  n.cy  trigger  a  se¬ 
quence  of  blood  end  tissue  alterations  v.hicb  could  con- 
trilute  to  the  development  of  the  disease. (1) 

Lipid  embolization  is  one  of  the  proposed  pathoge¬ 
netic  factors  which  recently  attracted  considerable  at¬ 
tention .  (2-4)  The  fact  that  fat  en.:. olrzafion  is  not  an 
uncommon  finding  in  victims  of  decompression  sickness, 
particularly  in  high  altitude  decompression,  supports  the 
possible  role  of  lipid  end.  oil  in  the  rrechanism  of  the 
disease.  The  ameliorating  effect  of  heparin  on  decom¬ 
pression  sickness  is  also  consistent  with  this  hypothesis 
if  one  considers  the  lipid-clearing  action  of  the  drug. 

Most  of  the  early  communications  on  fat  emboliza¬ 
tion  dealt  with  the  liver,  bone  morrow  and  adipose  tis¬ 
sue  as  potential  sources  of  lipid  emboli.  Newer  con¬ 
cepts  implicate  circulating  plasma  lipids  in  decompres¬ 
sion-induced  fat  emboli zotion .  Suggested  mechanisms  in¬ 
clude  gas-induced  disruption  of  serum  lipoproteins  with 
subsequent  aggregation  of  the  released  lipid,  coalescence 
of  chylomicrons  and  incorporation  of  coalesced  lipids 
into  aggregates  of  formed  elements  of  the  blood.  (2-5) 

The  present  communication  is  a  p,  e  lirr, inary  report 
on  lipid  particle  formation  resulting  from  serum-bubble 
interface  activity  in  vitro. 

METHOD 

Serum-bubble  interface:  Pooled  human  sera  v.ere  dis¬ 
tributed  into  control  and  experimental  plastic  test  tubes 
which  were  placed  into  o  water  bath  at  37°C.  Poly¬ 
ethylene  tubing  connected  to  a  compressed  air  manifold 
was  immersed  in  the  serum  in  each  test  tube.  The  ex¬ 
perimental  sera  were  bubbled  for  60  minutes  at  a  flow 
rote  of  5-10  ml  of  air/minute.  No  air  was  passed 
through  the  control  sera. 

Filtration  of  samples:  Following  bubbling  the  experi¬ 
mental  samples  were  pooled  into  one  container  and  the 
controls  (non-hubMed)  into  another.  10  ml  aliquots 
from  each  pool  were  then  passed  through  microporous 


filters  of  va./ir  g  pure  size.  The  filters  used  were  Uni- 
Pore  polycar!  c- ute  c  ic.nes  (Pio-Pcd)  of  p:re  size 
0.1-8  microns,  a  :d  r  illipo'e  r  <-r- f.:c  -e  filters  (Falcon) 
or  cellulose  discs  (Amiton  Microporous  filters!  of  0.45 
micron  pore  size.  filtration  v.cs  c:  d  mV-d  by  gravity 
or  under  I'ducod  prf-'sure  with  a  differential  pressure 
on  the  two  sides  of  the  filters  no!  exceeding  25  mm  Hg. 

Staining  of  filters:  After  the  filter*  were  d.icd  they 
were  stained  lor  lipids  with  Oily  Red  O  d;e,  Nile 
Blue  sulfate  or  phosphomolybdic  ccid.  Filters  s proved 
with  tlie  latter  reagent  were  heated  to  intensify  the 
reaction.  The  staining  of  experimental  end  control 
filteis  was  comparatively  evaluated  by  gross  inspection 
and  microscopic  examination. 

Lipid  concentration  determination:  T  tigl)  cerides ,  cho¬ 
lesterol  and  total  lipids  were  determined  in  bubbled 
and  non-hubbled  scjo  before  and  after  filtration  by 
appropriate  chemical  methods. 

RF SUL IS 

Bubbled  sera  contained  a  larger  emount  of  unfil- 
trable  lipid  material  than  corresponding  controls  (non- 
bubbled  sera).  This  was  suggested  by  the  more  exten¬ 
sive  and  intense  staining  of  membranes  used  to  filter 
bubbled  sera  than  of  those  used  for  controls  (Fig.  1). 
The  difference  in  the  amount  of  unfiltrable  lipid  be¬ 
tween  bubbled  and  non-bubbted  sera  was  more  pro¬ 
nounced  when  0.45  micron-pore  membranes  v.ere  used. 
Nevertheless  experiments  with  sequential  filtration 
through  membranes  of  decreasing  pore  size  indicated 
that  bubbling  of  serum  results  in  the  formation  of  lipid 
particles  between  5-8  microns  end  even  larger  than  8 
microns  os  suggested  by  the  retention  of  lipid-positive 
particles  on  polycarbonote  membranes  of  8  micron  pore 
size.  Figure  2- A  is  a  microscopic  picture  (lOOx)  of 
lipid  particles  stained  with  phosphomolyl  die  oeial  on  an 
8  micron-pore  membrane  following  filtration  of  bul  L  led 
sera.  |n  Figure  2-B  no  particles  Qic  seen  on  cn  iden¬ 
tical  membrane  after  filtration  of  non -bul  bled  (control) 
sera.  This  finding  was  supported  by  the  results  of  lipid 
determinations.  In  several  cases  to‘al  lipids  and  tri¬ 
glycerides  in  bubbled  seta  were  reduced  to  a  greater 
extent  than  in  control  sera  orler  tilt  ration  through  an 
8  mi  cron -pore  membrane. 
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DISCUSSION 

Trie  results  of  these  pro limir.ury  investigations  show 
that  r.  err  \  ranes  used  for  trie  filtiation  of  bubbled  sera 
seined  (with  dyes  fo-  lipids'  to  a  greater  extent  than 
these  used  for  non -bubbled  sera  (controls).  Furthermore 
the  decrease  of  lipid  coucen* ration  in  the  filtrates  of 
bubbled  sero  was  greater  than  that  in  the  controls. 
These  observations  suggest  that  bubbling  of  ?era  resulted 
in  the  formation  of  lipid  particles  which  were  unfiltroble 
through  the  membranes  used. 

The  instability  and  alterations  of  plasma  lipids  may 
be  caused  by  gas  bubbles.  Blood-bubble  interface  ac¬ 
tivity  could  dencture  lipoproteins  with  liberation  of  the 
lipid  moeity  and  could  also  induce  coalescence  and 
adhesion  of  lipid  particles. 

The  size  of  the  particles  is  important  when  one 
considers  their  potential  role  as  embolic  material.  An 
'attempt  was  made  to  approximate  their  size  by  using 
membranes  of  varying  pore  size.  Filtration  was  carried 
out  with  a  differential  pressure  on  the  two  sides  of  the 
membranes  of  less  than  25  mm  Hg.  This  precaution 
was  necessary  to  avoid  deformation  of  lipid  particles 
and  forced  passage  through  filter  pores  under  pressure 
condition  substant iol ly  different  than  those  anticipated 
in  in  vivo  situations.  The  icsults  with  various  pore 
size  filters  suggest  that  bubbling  of  serum  cajses  forma¬ 
tion  of  particles  even  larger  than  8  microns  but  the 
majority  of  the  material  retained  by  the  filters  consists 
oc  smaller  particles.  It  is  reasonable  to  aisume  that 
lipid  particles  larger  than  8-  microns  are  potentially 
capable  of  causing  embolization.  However,  particles 
even  smaller  than  8  microns  may  contribute  to  the  for¬ 
mation  o(  embolic  material  by  being  incofpora'ed  into 
platelet  thrombi  (5)  o'  other  aggregated  elements  of  the 
blood.  It  is  also  possible  that  small  lipid  particles  may 
coalesce  in  vivo,  to  form  larger  err.boli. 
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Chry  ssanthou  C.  Kubin  1..  Gruber  B  Amelioration  ol  decompression  sickness  in  mice  he  pi  cue. It  - 
mcnl  with  cyproheptadine.  I  ndersea  Biomed  Res  I'M'.  _i 4 .  t;i  -  >24  —  SubM.mccs  that  stimulate 
smooth  muscle  have  been  previously  implicated  in  the  pathogenesis  of  decompression  sickness 
This  concept  was  strongly  supported  by  the  demonstration  that  compounds  that  combine  activities 
against  histamine,  hradykinin.  and  serotonin  prevent  or  ameliorate  decompression  sickness  This 
communication  deals  with  the  prophy  lactic  effect  of  c>  proheptutlme  tPenacfin).  a  drug  exhibiting 
such  pharmacologic  properties.  More  than  500  obese  mice  were  used.  Txpenmental  groups,  sub¬ 
cutaneously  injected  with  cyproheptadine  t0.5-40  mg  kgi  prior  to  compression,  and  corresponding 
control  animals  were  simultaneously  subjected  to  ts  psig  air  pressure  for  h  h  and  then  rapidly 
decompressed.  Most  control  animals  exhibited  signs  of  decompression  sickness  (chokes,  scratch¬ 
ing.  twitching,  convulsions,  paralysis)  and  died.  Gross  and  histologic  examination  revealed  gas 
bubbles  in  vessels  and  tissues,  perivascular  edema,  and  other  changes.  In  cyproheptadine-treated 
animals  the  incidence  and  severity  of  clinical  manifestations  and  pathologic  alterations  were  re¬ 
duced.  and  mortality  was  markedly  decreased.  Statistically  significant  results  were  obtained  with 
doses  of  2.5-10.0  mg  kg.  The  5-mgkg  dose  lowered  mortality  by  45. 9G .  These  results  support  the 
proposed  pathogenetic  concept  and  suggest  a  potential  preventive  treatment  for  human  subjects 
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Previous  work  provided  data  indicating  that  smooth  muscle  stimulating  factors  are  implicated 
in  the  pathogenesis  of  decompression  sickness  (1-5).  Consistent  with  this  concept  is  the 
observed  decrease  in  morbidity  and  mortality  in  the  disease  when  compounds  that  combine 
activities  against  histamine,  bradykinin.  and  5-hydroxytrvptamine  are  administered  prior  to 
compression  ( I  -4).  The  prevention  of  decompression  sickness  by  such  compounds,  originally 
shown  in  studies  conducted  in  our  laboratories  on  mice,  was  subsequently  confirmed  by  other 
investigators  working  with  hamsters  and  dogs  (6.  7). 
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l  sen  though  this  pharmacologic  approach  to  the  prevention  or  amelioration  of  decompres¬ 
sion  sickness  ssas  successful  on  several  animal  species,  no  human  studies  have  been  initiated 
to  date  ( >ne  of  the  reasons  for  the  reluctance  to  undertake  investigations  on  human  subjects  is 
that  none  of  the  drugs  used  to  prevent  decompression  sickness  in  animals  are  FDA-approved 
for  any  human  use.  and  seeking  F1JA  approval  is  a  complicated  and  time-consuming  process. 

We  therefore  explored  the  possibility  of  ameliorating  decompression  sickness  b>  use  of 
cyproheptadine,  which  also  combines  activities  against  smooth  muscle  stimulants,  but  unlike 
the  previously  used  compounds,  it  has  FDA  approval  for  use  ln  human  beings. 


MATERIALS  AM)  METHODS 

Approximately  5(H)  male  hereditary  obese  mice  (C57BL  6J-ob  obtained  from  Jackson 
Memorial  Laboratories.  Bar  Harbor.  ME),  which  are  susceptible  to  decompression  sickness, 
were  used.  The  animals  were  housed  in  metal  cages  kept  in  rooms  with  controlled  temperature 
(72  C  i  2  (')  and  relative  humidity  i.MKD.  [hey  were  fed  Wayne  Lab- Bio \  and  water  ad 
libitum.  After  a  2-3  week  stabilization  period  they  were  divided  into  control  and  experimental 
groups  of  corresponding  weights  In  each  experiment  (run)  one  control  group  and  2  or  3 
experimental  groups,  each  consisting  of  6-8  mice,  were  placed  in  a  hyperbaric  chamber 
(  Bethlehem  Corporation  Model  1836  HPl  and  subjected  to  compression-decompression  simul¬ 
taneously  to  ensure  exposure  of  control  and  experimental  groups  to  identical  dysbaric  condi¬ 
tions.  A  total  of  17  experiments  were  conducted  All  animals  in  all  experiments  were  subjected 
to  7s  psig  air  pressure  for  6  h  and  then  decompressed  to  sea  level  within  I  min  (usually  3(1  si. 
Previous  experiments  have  shown  that  with  this  simulated  dive  profile  approximately  60';- 
80' 7  of  the  animals  dev  elop  decompression  sickness  <1.4).  Immediately  prior  to  compression 
the  experimental  groups  receiv  ed  a  subcutaneous  injection  of  cy  proheptadine  HCI  (Periaetin. 
Merck  Sharp  it  Dohme).  whereas  the  control  animals  were  injected  with  an  equal  volume  of 
the  vehicle  ( normal  saline).  The  dose  of  cyproheptadine  ranged  from  ().?  to  40  mg  kg  body  wt. 
In  a  few  experiments  cy  proheptadine  (2.5-20.0  mg  kg)  was  administered  immediately  after 
decompression. 

Upon  decompression  to  sea  level,  the  animals  were  taken  out  of  the  chamber  and  observed 
for  at  least  I  h  for  signs  of  decompression  sickness  (gasping,  chokes,  hiccough-like  spells, 
scratching,  twitch,  paralysis,  convulsions).  Animals  that  succumbed  were  autopsied  im¬ 
mediately.  and  representative  tissues  were  removed  for  microscopic  examination.  Survival 
time  after  decompression  was  recorded.  Autopsies  and  histologic  examination  were  also  per¬ 
formed  on  a  few  animals  killed  at  intervals  after  decompression.  These  animals  were  not 
included  in  the  mortality  statistics.  The  effects  of  cy  proheptadine  on  mortality  were  statisti¬ 
cally  evaluated  by  the  chi-square  test. 

RESULTS 

As  in  preceding  studies,  control  animals  exhibited  previously  described  signs  of  decompres¬ 
sion  sickness  (I.  4).  consisting  mainly  of  severe  respiratory  distress,  twitching,  and  convul¬ 
sions.  and  most  of  them  died  within  I  h  after  decompression.  Gross  and  microscopic  examina¬ 
tion  of  mice  that  succumbed  to  decompression  sickness  revealed  the  usually  observed  en¬ 
largement  of  the  abdomen  caused  by  gaseous  distention  of  the  gastrointestinal  tract  (Fig.  II. 
pronounced  hyperemia  of  the  bone  marrow .  perivascular  edema  in  the  lung  | Fig.  Hi.  and  the 
presence  of  gas  bubbles  in  various  tissues  and  organs.  Intravascular  gas  bubbles  were  present 
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Fig  3.  Skin  from  animal  following  exposure  (o  compression-decompression.  Note  presence  of  gas 
bubbles  ( arrows)  in  the  dermis.  Hematoxylin  and  eosin  stain,  ong.  magnif.  x  50. 


Fig.  4.  A:  liver  from  control  animal  subjected  to  compression-decompression  showing  large  gas  bub 
bles  in  markedly  distended  central  vein.  B:  corresponding  tissue  from  animal  treated  with  cyproheptadine 
prior  to  compression.  Central  vein  is  free  of  gas  bubbles.  Hematoxylin  and  eosin  stain,  orig.  magnif  >  20 
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in  many  vessels  but  were  predominantly  observed  in  the  inferior  vena  cava  and  in  pulmonary 
vessels(Fig.  2A).  The  spleen,  adrenals,  adipose  tissue,  skin  (Eig.  3).  and  bone  marrow,  and  to 
a  lesser  extent  the  iiver  ( Fig.  4A ),  kidney,  pancreas,  and  heart,  showed  minute  bubbles  or  large 
accumulations  of  gas.  Although  in  many  instances  the  gas  bubbles  were  intravascular,  it  was 
not  always  possible  to  determine  whether  the  accumulation  of  gas  was  in  vessels  or  in  tissue 
spaces. 

In  the  experimental  groups,  particularly  those  injected  prior  to  compression  with  2.5.  5.0. 
and  10.0  mg/kg  cyproheptadine,  the  frequency  and  severity  of  clinical  manifestations  and 
pathologic  changes  were  markedly  reduced,  survival  time  was  prolonged,  and  mortality  was 
significantly  decreased.  Microscopic  examination  revealed  that  gas  bubbles  were  present  in 
larger  numbers  and  had  a  wider  distribution  in  controls  than  in  cyproheptadine-treated  ani¬ 
mals.  In  the  control  group  51r/t  of  the  autopsied  mice  exhibited  gas  bubbles  in  more  than  two 
organs:  this  was  observed  in  only  15*/?  of  the  experimental  animals.  The  frequency  of  intravas¬ 
cular  gas  bubbles  in  the  lung  and  liver  of  control  animals  was  57r-f  and  43r? .  respectively.  In 
cyproheptadine-treated  animals  the  corresponding  frequencies  were  2 (Y /  and  5 ri ,  respec¬ 
tively.  Figures  14  and  4A  show  representative  pathologic  alterations  in  tissues  of  control 
animals  (subjected  to  dysbaric  conditions,  without  drug  pretreatment).  Corresponding  tissues 
from  animals  pretreated  with  cyproheptadine  in  Figs.  IB  and  4 B  show  absence  of  such  alter¬ 
ations.  Figure  5  compares  mortality  of  control  and  cyproheptadine-treated  (5.0  mg'kg)  ani¬ 
mals.  It  can  be  seen  that  10  min  after  decompression,  20r4  of  the  control  animals  died,  whereas 
only  8CL  succumbed  in  the  treated  group.  Similarly.  30  min  after  decompression.  55'T  of  the 
control  animals  but  only  25 Vr  of  the  cyproheptadine-treated  animals  died. 

Table  I  shows  the  effect  of  cyproheptadine  on  mortality  at  the  seven  dose  levels  used.  The 
dose  of  2.5  and  5.0  mg/kg  reduced  mortality  by  about  45r/r.  The  results  with  the  doses  at 
2.5-10.0  mg/kg  are  statistically  significant  at  high  levels  of  confidence,  as  Table  I  indicates. 


TIME  AFTER  DECOMPRESSION  (MINUTES) 

Fig.  5.  Mortality  in  37  control  mice  and  38  cyproheptadine-treated  mice  subjected  simultaneously  to 
identical  dysbaric  conditions. 
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TABLK  1 

Hun  I  Ol  Pr|  COMPRESSION  AOMIMSI  RAllON  Ot  CVPROIIl  PI  AOINE  OS  MoRIAlllY  Ol 
Mill  IN  DECOMPRESSION  SUKNISS 


Mortality 

.  r'< 

Dose, 

Control 

Experimental 

Reduction  in 

Statistical 

mg  kg 

Animals 

Animals 

Mortality.  rf 

Significance 

0.5 

75.0  (6/8)* 

75.0(6,8) 

0 

NS** 

1.0 

78.3  13646) 

65.2  (30.46) 

16.7 

NS 

2.5 

71.4(15  21) 

39.3  ( II  28) 

45.0 

/>=0.05 

5.0 

73.0  (27  37) 

39.5  (15  38) 

45.9 

0.001  <P<0.0\ 

10.0 

75.7  (53  70) 

55.0  (38/69) 

27.3 

0.01  </><0.02 

20.0 

69.7 (23 33) 

60.6(20/331 

13.0 

NS 

40.0 

37.5  (3  8) 

100.0(8,8) 

— 

NS 

“(Number  of  dead  animals  total  number  of  animals  in  group); 

**NS  =  nut 

significant. 

The  reduction  in  mortality  was  not  as  pronounced  with  the  1.0-  and  20.0-mg/kg  doses.  The 
overall  mortality  in  the  control  groups  was  73 'V  ( 163  2231.  which  is  the  predicted  rate  for  these 
animals  with  the  dive  profile  used. 

Cyproheptadine  administered  immediately  after  decompression  did  not  influence  clinical 
manifestations  and  produced  only  insignificant  changes  in  mortality  (Table  21.  In  these  exper¬ 
iments  the  overall  mortality  of  control  animals  was  56.8C7,  which  is  somewhat  lower  than  that 
in  the  preceding  experiments.  This  could  be  because  the  animals  used  in  the  experiments  that 
are  listed  in  Table  2  were  of  a  lower  weight  and  thus  less  susceptible  to  decompression 
sickness  (8). 


DISCISSION 

The  results  of  this  investigation  indicate  that  cyproheptadine,  when  administered  prior  to 
compression,  protects  mice  against  decompression  sickness.  This  prophylactic  effect  was 
evidenced  by  the  observed  reduction  in  the  frequency  and  severity  of  clinical  manifestations 
and  pathohistologic  alterations  and  by  the  significant  decrease  in  mortality.  Optimal  effect  was 

TABLK  2 

Ktnc  r  ot  Post-Decompression  Administration  or  Cyproheptadine  on  Mortai  in  oi 
Mic  e  in  Decompression  Sickness 


Mortality.  r/r 


Dose. 

Control 

Experimental 

Statistical 

mg'kg 

Animals 

Animals 

Significance 

20.0 

56.3  <9  I6|* 

68.8  (II  16) 

NS** 

5.0 

57.1  (12/21) 

66.7  <  14  21) 

NS 

2.5 

57.1  (4  7) 

85.7  (6/7) 

NS 

“(Number  of  dead  animals  total  number  of  animals  in  group);  *“NS  not  significant. 
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obtained  with  the  intermediate  doses  of  2.5.  5.0.  and  10.0  mgkg.  The  ineffectiveness  of  the 
high  doses  (20.0  and  40.0  mg  kg)  could  result  from  toxic  effects  of  the  drug  at  such  high  dose- 
levels.  On  the  other  hand,  failure  of  the  low  doses  (0.5  and  1 .0  mg  kg)  to  decrease  morbidity 
and  mortality  may  be  due  to  insufficient  concentrations  of  the  drug  in  the  blood  and  tissues, 
even  though  these  low  doses  are  slightly  higher  than  the  therapeutic  dose  of  cyproheptadine 
when  used  as  an  antiallergic  drug.  This  may  he  because  the  cyproheptadine  was  administered 
several  hours  prior  to  decompression,  which  in  all  probability  is  the  critical  phase  during 
which  the  drug  can  exert  its  protective  effect:  obviously,  during  this  prolonged  period,  the 
concentration  of  the  drug  in  the  blood  and  tissues  may  be  reduced  by  excretion  or  bio¬ 
transformation.  or  both. 

Administration  of  cyproheptadine  immediately  after  decompression  did  not  ameliorate  de¬ 
compression  sickness.  The  ineffectiveness  of  the  post-decompression  administration  of  the 
drug  may  be  due  to  irreversible  changes  triggered  by  gas  bubbles  before  the  drug  is  absorbed  in 
concentrations  sufficient  to  prevent  or  interrupt  bubble-induced  chain  reactions. 

In  view  of  the  above  considerations,  one  can  hypothesise  that  protection  against  decom¬ 
pression  sickness  may  be  achieved  with  smaller  doses  if  the  drug  is  administered  shortly 
before  decompression. 

This  possibility  was  not  tested  in  the  present  investigation  because  of  mechanical  limitations 
that  prevented  administration  of  injections  while  the  animals  were  being  compressed. 

All  the  compounds  that  in  our  hands  were  found  effective  against  decompression  sickness 
exhibit  activities  against  histamine,  bradykinin.  and  serotonin  (1.3.  4).  These  compounds 
include  l-(;V-methyl-4-piperidyj)-3-phenyl-4-benzyj-5-pyraz.olone  (PPBPi.  2-( 4-phenyl  - 1 
piperazyl  methyll-cyclohexanone  HCI  (PPCH).  and  dimethothiazine  (Migristene).  The  fact 
that  cyproheptadine,  which  was  also  shown  to  ameliorate  decompression  sickness,  has  an- 
tihistaminic.  antiserotonin,  and  antibradykinin  properties  [9l  provides  additional  support  to 
our  concept  that  agents  that  stimulate  smooth  muscle  are  implicated  in  the  pathogenesis  of  the 
disease.  Such  agents  could  be  released  or  activated  in  decompression  sickness  by  several 
mechanisms,  including  mechanical  disruption  of  tissues  by  expanding  gas  bubbles,  gas-blood 
interphase  activity,  or  vascular  obstruction  causing  hypoxic  damage  to  cells  with  subsequent 
release  of  lysosomal  enzymes  (2.  5.  10-13).  The  release  or  activation  of  smooth  muscle- 
stimulants  could  produce  circulatory  changes  favoring  further  formation  and  growth  of  gas 
bubbles.  They  could  also  cause  increased  vascular  permeability  with  subsequent  edema, 
hemoconcentration.  and  hypovolemia.  Furthermore,  they  could  cause  pain  and  produce- 
changes  that  contribute  to  respiratory  distress. 

Considering  the  above  and  the  fact  that  antagonism  of  histamine,  serotonin,  and  bradykinin 
is  the  common  denominator  of  all  compounds  that  were  shown  to  prevent  decompression 
sickness,  it  is  tempting  to  attribute  the  ameliorating  effect  of  cyproheptadine  to  antagonism  of 
smooth  muscle  stimulants. 

The  described  pharmacologic  approach  suggests  a  potential  prophylactic  treatment  for 
human  decompression  sickness.  One  drawback  of  this  treatment  is  the  drowsiness  that  may  bc 
produced  by  cyproheptadine.  This  undesirable  side  effect,  however,  could  conceivably  be 
alleviated  by  combining  cyproheptadine  with  a  psychomotor  stimulant.  It  has  recently  been 
shown  that  amphetamine,  which  antagonizes  the  depression  produced  by  antihistaminics  ( 14. 
15).  counteracts  the  sedative  action  of  cyproheptadine  in  mice  w  ithout  neutralizing  its  protec¬ 
tive  effect  on  decompression  sickness.  ( 16) 
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Chryssanthou  C,  Rubin  L.  Graber  B.  L'amelioralion  de  la  maladie  de  decompression  chez  les 
souris  par  le  pre-traitement  avec  la  cyproheptadine.  Undersea  Biomed  Res  1980:  7(41:321-329. — 
Les  substances  qui  stimulent  les  muscles  lisses  ont  ete  impliques  prealablement  dans  la 
pathogenese  de  la  maladie  de  decompression.  Ce  concept  a  ete  fortement  sostenu  de  la  demonstra¬ 
tion  que  les  composes  qui  combinent  les  activites  contre  I'histamine,  la  bradykinine,  et  la 
serotonine  empechent  ou  ameliorent  la  maladie  de  decompression.  Cette  communication  regarde 
1‘effet  prophylactique  de  la  cyproheptadine  (Periactin).  une  drogue  qui  montre  telles  qualites  phar- 
macologiques.  Plus  de  500  souris  obeses  ont  ete  utilises.  Les  groupes  experimentaux  ont  ete 
injectees  en  maniere  sous-cutanee  avec  la  cyproheptadine  (0.5-40  mg/kg)  avant  la  compression,  et 
des  souris  de  verification  ont  subi  simultaneament  une  pression  de  fair  de  75  psig  pour  6  h  et  puis 
decompresses  rapidement.  La  plupart  des  souris  de  verification  ont  montre  des  indications  de  la 
maladie  de  decompression  (des  engorgements,  des  grattements,  des  contractions  nerveuses,  des 
convulsions,  de  la  paralysie)  et  sont  morts.  L  examen  gros  et  histologique  a  montre  des  bulles 
gazeuses  dans  les  vaisseaux  sanguins  et  les  tissus.  un  oedeme  perivasculaire.  et  des  autres  change- 
ments.  Chez  les  animaux  traites  avec  de  la  cyproheptadine,  ['occurrence  et  la  severite  des  manifes¬ 
tations  cliniques  et  des  alterations  pathologiques  ont  ete  reduits.  et  la  mortalite  a  ete  diminuee 
d  une  fafon  marquee.  Du  point  de  vue  de  la  statistique.  des  resultats  significatifs  ont  ete  obtenus 
avec  les  doses  de  2.5- 10.0  mg/kg.  La  dose  de  5  mg/kg  ont  abasse  la  mortalite  a  45.901.  Ce s  resultats 
soutiennent  le  concept  pathogenique  propose  et  suggerent  un  traitement  preventif  chez  les  sujets 
humains. 
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AMELIORATION  OF  DECOMPRESSION  SICKNESS 
BY  COMBINED  AMPHETAMINE-CYPROHEPTADINE 
TREATMENT 


C.  Chryssunthou,  L.  Rodriguez,  and  P.  Brandon 


Previous  studies  conducted  in  our  laboratories  in  the  last  15  years  strongly 
suggest  that  smooth  muscle  stimulating  factors  are  implicated  in  the  pathogen¬ 
esis  of  decompression  sickness  (DCS). 

The  following  are  some  of  our  observations  that  lend  support  to  this 
concept: 

1)  Several  pathological  alterations  in  DCS  are  similar  to  those  seen  in 
bradykinin-trcated  animals  (1). 

2)  Smooth  muscle  stimulants,  such  as  bradykinin  and  smooth  muscle  act¬ 
ing  factor  (SMAF),  increase  susceptibility  of  animals  to  DCS  (1,2). 

3)  SMAF  is  released  or  activated  in  DCS  (3,4). 

4)  Decompression  or  nitrogen  bubbling  of  blood  in  vitro  generates  smooth 
muscle  stimulating  activity  (4,5). 

5)  Smooth  muscle  stimulating  substances  could  account  for  several  clini¬ 
cal  manifestations  and  pathologic  alterations  in  DCS  (6,7). 

6)  Compounds  which  combine  activities  against  histamine,  bradykinin, 
and  5-hydroxytryptamine  prevent  or  at  least  ameliorate  DCS  in  mice  (1,7,8). 
The  latter  observation  was  confirmed  by  other  investigators  working  with  ham¬ 
sters  and  dogs  (9,10).  Dimethothiazine  and  cyproheptadine  are  among  the 
compounds  which  exhibit  an  appreciable  DCS  preventing  effect  as  evidenced 
by  a  significant  reduction  in  morbidity  and  mortality  (7,8). 

The  fact  that  all  compounds  in  our  studies  prevented  DCS  produced  seda¬ 
tion,  probably  because  of  their  antihistaminic  activity,  raises  the  question  of 
this  central  depressant  action  playing  a  role  in  the  prophylactic  effect  of  these 
compounds. 
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'Hie  present  communication  deals  with  experiments  designed  to  determine 
whether  drugs  that  amelioiate  DCS  retain  their  protective  effect  when  their 
sedative  action  is  neutralized  or  counteracted,  [elucidation  of  this  question  is 
important  not  only  from  a  theoretical  point  of  view  but  also  for  practical  rea¬ 
sons  because  it  would  not  be  advisable  to  administer  to  divers  or  compressed 
air  workers  DCS  preventing  drugs  that  cause  drowsiness. 

Two  series  of  experiments  were  conducted.  The  first  series  determined  the 
minimum  amount  of  amphetamine  icquired  to  antagonize  the  sedative  effect  of 
dimelhothia/ine  and  cyproheptadine  at  doses  which  ameliorate  DCS  in  mice. 
The  second  seiies  of  e.xpciiments  assessed  the  effectiveness  of  optimum  am¬ 
phetamine-cyproheptadine  combinations  in  the  amelioration  of  DCS. 

MATERIAL 

Animals.  C57BLV6J  mice  (Jackson  Memorial  Laboratories,  Bar  Harbor, 
ME),  weighing  22  -38  g,  were  used  in  the  first  experimental  series  and  their' 
obese  littermates  (C57BL/6J-ob),  weighing  50  78  g,  were  used  in  the  second 
series.  The  reason  for  using  both  thin  and  obese  mice  is  that  thin  animals  are 
better  suited  than  obese  for  experiments  on  the  effects  of  drugs  on  locomotor 
activity  (obese  are  too  inactive  for  such  studies).  Obese  mice,  on  the  other 
hand,  are  preferable  for  studies  on  DCS  because  of  their  greater  susceptibility 
to  the  disease  as  compared  to  their  thin  littermates  (11).  Only  male  animals 
were  used  as  subjects  because  their  activity  is  not  influenced  by  cyclic  changes 
as  in  females. 

Drugs.  The  compounds  used  in  these  investigations  were:  dimelholhiaz.ine 
(Migristene,  Rhone-Poulenc-Special),  cyproheptadine  (Periactin,  Merck  Sharp 
&  Dohrne),  pseudoephedrine  HCL  (Chromalloy  Pharmaceuticals),  and  dl- am-  - 
phetamine  sulfate  (Amend).  All  solutions  for  injection  were  made  in  sterile 
normal  saline. 

Revolving  wheel  cage.  A  revolving  drum,  18  cm  in  diameter  and  11.5  cm 
in  width,  were  used.  Friction  was  minimized  by  ball  bearings  and  thus  loco¬ 
motion  of  the  animals  by  even  a  fraction  of  an  inch  caused  partial  rotation  of 
the  drum.  The  revolving  drum  measured  only  lateral  movement;  vertical  move¬ 
ment  (standing  on  hind  legs  and  jumping)  or  leaning  and  turning  could  not  be 
measured.  A  mechanical  counter  connected  to  the  revolving  drum  responded  to 
every  one  half  rotation  in  either  direction  and  counted  once  every  two  such 
one-half  rotations. 

Hyperbaric  chamber.  A  Model  1836HP  Bethlehem  Corporation  chamber 
with  controlled  temperature  and  humidity  was  used.  The  chamber  was  pressur¬ 
ized  with  air  (dry  air  cyclinders,  Mathcson  Company,  Inc.). 

METHODS 

The  animals  were  kept  in  metal  cages  in  rooms  with  controlled  tempera¬ 
ture  (22  "±  2°C)  and  relative  humidity  (50%)  for  a  2-3  week  stabilization 
period. 
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Urey  were  fed  Wayne  l.ab  Blox  and  water  ad  libitum. 

Hie  degree  of  sedation  produced  by  dimetholhia/ine  and  cyproheptadine 
and  the  only  antagonistic  effect  of  psetidoephedrinc  and  amphetamine  were 
measured  in  thin  mice  in  the  first  experimental  series.  The  central  depressant 
or  stimulant  effect  of  the  dtugs  on  the  animals  was  expressed  in  terms  of 
changes  in  spontaneous  locomotor  activity  measured  by  the  revolving  wheel 
cage. 

Hie  effectiveness  of  the  optimum  cyproheptadine-antagonist  combination 
in  pieuntiug  DCS  was  tested  in  obese  mice  in  the  second  series  of  experiments. 

Measurement  of  spontaneous  locomotor  activity.  These  measurements, 
which  were  assumed  to  reflect  drug  induced  sedation  or  stimulation  of  the  ani¬ 
mals,  wcie  made  in  a  dark  quiet  room  so  that  visual  and  auditory  stimuli  were 
eliminated.  Temperature  ranged  between  22°  and  26  C.  Variations  of  tempera¬ 
ture  within  5“C  have  a  negligible  effect  on  locomotor  activity  (12).  Tire  previ¬ 
ously  described  revolving  wheel  cage  was  used  to  record  locomotion.  Because 
of  minimal  friction  between  the  wheel  and  the  horizontal  axis,  the  animals  did 
not  use  extra  effort  to  rotate  the  wheel  and  were  thus  not  discouraged  from 
walking  or  running.  No  food  or  water  was  available  to  the  animals  during  the 
recording  period.  They  were  given  l.ab  Blox  and  water  ad  libitum  before  and 
after  testing. 

Each  animal  served  as  its  own  control  because  of  great  variations  in  loco¬ 
motor  activity  even  among  littermates  of  the  same  sex  under  the  same  experi¬ 
mental  conditions  (12).  Activity  was  recorded  every  15  min  during  a  4-h  run. 
which  was  conducted  once  a  day  every  other  day  for  a  total  of  5  runs.  The  test 
substances  were  injected  subcutaneously  following  the  first  2  h  of  activity  in 
the  wheel  cage.  Normal  saline  was  administered  to  all  animals  in  the  first  three 
runs  to  establish  base-line  (control)  levels  of  activity.  The  same  animals  re¬ 
ceived  dimethothiazine  (40  mg/kg)  or  cyproheptadine  (5  mg 'kg)  in  the  4th  run. 
Administration  of  the  same  drugs  in  the  same  dose  to  the  same  animals  was 
repeated  in  the  5th  run  15  min  after  a  subcutaneous  pseudoephedrine  or  am¬ 
phetamine  ( 1  —  1 0  nig/kg)  injection.  Activity  was  expressed  as  mean  rotations 
per  hour  (RPH).  The  results  were  statistically  evaluated  by  the  Student's  /-test 
for  paired  observations. 

Testing  effectiveness  of  drug  combinations  on  DCS.  Decompression  sick¬ 
ness  was  produced  in  obese  mice  by  exposure  to  6.12  AT A  (90  psi)  absolute 
air  pressure  for  6  h  followed  by  decompression  to  sea  level  within  1  min  (usu¬ 
ally  30  s).  This  simulated  dive  profile  has  been  previously  shown  to  produce 
DCS  in  obese  mice  with  approximately  60-80%  mortality  rate.  A  total  of  64 
mice  were  used  in  4  experiments.  The  animals  were  divided  into  one  control 
and  one  experimental  group  of  corresponding  weights.  In  each  experiment 
eight  animals  from  each  group  were  placed  in  the  chamber  at  the  same  time 
and  subjected  to  the  above  dive  profile  simultaneously  to  ensure  exposure  of 
control  and  experimental  animals  to  identical  dysbaric  conditions.  No  food  or 
water  were  available  to  the  animals  during  dysbaric  exposure.  Immediately  be¬ 
fore  compression,  the  experimental  animals  received  a  subcutaneous  injection 
of  the  optimum  amphetamine-cyproheptadine  combination.  Normal  saline  was 
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administered  to  the  contiol  mice  in  a  volume  equal  to  that  ot  the  thug  injec¬ 
tions.  The  effect  of  amphetamine  alone  on  DCS  was  tested  on  16  additional 
animals  in  2  preliminary  experiments. 

Following  decompression,  the  animals  weie  taken  out  of  the  chamber  and 
observed  for  at  least  60  min  for  clinical  manifestations  of  DCS.  Animals  that 
succumbed  were  immediately  autopsied  and  represent. iti\e  tissues  were  re¬ 
moved  for  histologic  examination.  Postdecompicssion  survival  times  were  re¬ 
corded.  Autopsies  and  histologic  examinations  weie  also  peifoimed  on  a  few 
animals  which  were  subjected  to  euthanasia  at  various  intervals  after  de¬ 
compression.  These  animals  were  not  included  in  the  moitality  statistics.  The 
results  were  statistically  evaluated  by  the  chi  square  test  with  Yates  collection. 


RKSUI/rS 

First  Experimental  Series:  Effect  of  Drugs  on  Spontaneous  Locomotion 

Both  cyproheptadine  and  dimethothia/.inc  caused  a  diamatic  reduction  in 
spontaneous  locomotor  activity.  Within  15  min  following  ding  administration 
locomotion  began  to  decrease  precipitously  and  1  h  after  injection  most  ani¬ 
mals  exhibited  minimal  or  no  activity  (Fig.  1).  In  one  group  of  19  animals 
locomotor  activity  of  211  RPH  during  the  control  run  (following  saline  admin¬ 
istration)  was  reduced  to  47.5  RPH  after  an  injection  of  5  mg/kg  cyprohepta¬ 
dine  (Table  I).  Similarly,  dimethothia/ine  administered  to  another  group  of  12 
animals  lowered  activity  from  a  control  level  of  257  RPH  to  only  35  RPH 
(Table  II). 


ig  I  Time  course  of  spontaneous  locomotor  ;wti\it)  of  mice  treated  vs hh  esproheptjdinc  alone  and  in 
‘  v*  ith  amphetamine 
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Effect  of  Cypiohcptadine  and  Amphetamine -Cypiohcptadine  on  Spontaneous 
Locomotor  Activity  of  Mice 


Rotations  per  hour 

Amphetamine  (7.5  mg 'kg) 

Control 

Cyproheptadine 

plus 

Animal  No. 

(Normal  Saline) 

(5  inp3.p) 

Cyproheptadine  (5  mg'hg)* 

i 

319.5 

62  0 

301 

2 

380.5 

40.5 

342 

3 

38 

14.5 

20.5 

4 

263.5 

47.5 

123,5 

5 

155.0 

56.5 

400.0 

6 

394  0 

44.0 

221  5 

7 

105.0 

92  0 

408.0 

8 

52  5 

21  5 

140  0 

9 

2.5 

5.5 

232.0 

10 

287.5 

82.5 

329.5 

It 

» 12.5 

56  5 

226.0 

12 

452.0 

96.5 

402.5 

13 

31.5 

26.5 

175  5 

14 

83.5 

23.5 

179.0 

15 

502.5 

72.5 

330.0 

16 

70.5 

102.0 

251.0 

17 

408.5 

35.0 

424  0 

18 

172.5 

14.5 

335.5 

19 

185  5 

9.0 

219.5 

Mean  t  SE 

211  4  i  36 

47.5  ±  7 

266  i  25 

*  Cyproheptadine  "as  administered  15  min  after  the  amphetamine  injection. 


TABLE  II 

Effect  of  Dimeihothiazine  and  Aniphetaniine-Dimethothiazine  on  Spontaneous 
Locomotor  Activity  of  Mice 


Animal 

No. 

Rotations  per  hour 

Control 

(Normal  Saline) 

Dimethothiazine 
(40  mg/kg) 

Amphetamine  (7.5  mg/kg) 
plus 

Dimethothiazine  (40  mg -Teg)* 

i 

488.5 

49.5 

305.5 

2 

357 

98 

666 

3 

427.8 

13 

122 

4 

91.5 

24.5 

314 

5 

133.1 

26.5 

46.5 

6 

475.5 

28.5 

144.5 

7 

135.5 

30 

185.5 

8 

96.5 

49 

132.5 

9 

353.8 

35.5 

21.5 

10 

180.5 

23.5 

200.5 

.  II 

196 

38 

130.5 

12 

121 

16.5 

156 

Mean  it  SE 

257.28  ±  41 

35.07  ±  6 

198.42  ±  45 

•Dimelhothia/mc  "as  administered  15  min  after  the  amphetamine  injection. 
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Pscudocphcdrine  (10  ing/Kg)  administered  to  10  animals  15  min  before  or 
after  a  cyproheptadine  (5  mg/kg)  or  dimethothia/ine  (40  ing/'kg)  injection  did 
not  influence  the  depressant  effect  of  the  latter  compounds  on  locomotor 
activity. 

Amphetamine,  on  the  other  hand,  significantly  antagonized  the  sedative 
action  of  both  cyproheptadine  and  dimethothiazinc  (Fig.  2).  The  time-course 
of  the  depressant  action  of  cyproheptadine  and  the  antagonistic  effect  of  am¬ 
phetamine  is  illustrated  in  Fig.  1.  Table  I  shows  that  5  mg/kg  cyproheptadine, 
when  administered  alone,  lowered  mean  locomotor  activity  from  a  control 
level  of  211  RPH  to  47.5  RPH  and  did  not  depress  locomotion  when  preceded 
by  an  injection  of  7.5  mg/kg  amphetamine  as  evidenced  by  a  mean  locomotor 
activity  of  266  RPH.  In  fact,  all  animals  exhibited  a  significantly  greater  loco¬ 
motor  activity  when  amphetamine  preceded  cyproheptadine  administration. 
Likewise,  Table  11  indicates  that  the  sedative  effect  of  40  mg/kg  dimethothia- 
zinc  reflected  in  the  reduction  of  locomotion  from  257  to  35  RPH,  was  coun¬ 
teracted  by  7.5  mg/kg  amphetamine,  which  increased  mean  locomotor  activity 
to  198  RPH  when  administered  15  min  before  dimethothiazine.  These  results 
are  statistically  significant  at  high  levels  of  confidence  (7><0.001).  Lower 
doses  of  amphetamine  did  not  sufficiently  antagonize  the  sedative  effect  of  cy¬ 
proheptadine  or  dimethothiazine;  higher  doses  produced  stimulation  resulting  in 
locomotor  activity  much  higher  than  base  line  levels. 


Fig.  2.  Amphetamine  antagonism  of  the  inhibitory  effect  of  cyproheptadine  and  dimethothiazine  on 
spontaneous  locomotor  activity  in  mice.  Height  of  columns  represents  mean  revolutions  per  hour  of  all  ani¬ 
mats  in  the  group  during  the  entire  test  period.  Vertical  lines  represent  SEM. 


ii 
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Second  Experimental  Series:  Effect  of  Amphetamine-Cyproheptadine  on 
DCS 


Animals  that  developed  DCS,  as  a  result  of  their  exposure  to  the  previ¬ 
ously  described  dive  profile,  began  to  exhibit  signs  of  the  disease  soon  after 
decompression.  Clinical  manifestations  of  DCS  included  scratching  (possibly 
because  of  the  formation  of  subcutaneous  gas  bubbles),  reduced  locomotion, 
chokes,  and  convulsions.  Almost  all  control  animals  exhibited  these  signs  and 
the  majority  of  them  succumbed  in  less  than  1  h  following  decompression; 
their  death  was  preceded  by  twitching  and  severe  respiratory  distress  with 
gasping  and  hiccough-like  spells. 

In  the  groups  that  received  the  combined  amphetamine-cypioheptadine 
treatment  before  compression,  a  smaller  number  of  animals  manifested  signs 
of  DCS  than  in  corresponding  control  groups.  Table  111  shows  that  in  all  ex¬ 
periments  fewer  animals  died  in  the  groups  treated  with  amphetamine-cypro¬ 
heptadine  than  in  controls.  The  overall  mortality  decreased  from  83.8%  to 
51.7%,  a  reduction  of  38.3%,  which  is  statistically  significant  (0.02  <  P  < 
0.01). 

Autopsies  of  animals  that  succumbed  to  DCS  revealed  the  previously  de¬ 
scribed  gross  alterations  (1,11).  Most  striking  were  the  abdominal  enlargement 
caused  by  gaseous  distention  of  the  gastrointestinal  tract  and  the  presence  of 
grossly  visible  gas  bubbles  in  the  vena  cava,  the  subcutaneous  and  intra-ab¬ 
dominal  adipose  tissue,  and,  in  some  cases,  in  the  adrenals  and  spleen. 

Histologic  examination  showed  perivascular  edema  in  the  lungs,  severe 
congestion  of  the  bone  marrow,  rouleaux  formation,  and  the  presence  of  gas 
bubbles  in  various  tissues  and  organs  including  the  lung,  spleen,  adrenal 


TABLE  III 

Effect  of  tfife  Combined  Amphetamine-Cyproheptadine 
Treatment  on  Mortality  of  Obese  Mice  in  Decompression 
Sickness 


Experiment 

No. 

-  - 

Mortality 

<* 

Controls 

Amphetamine  (7.3  mg/kg) 
plus 

Cyproheptadine  (5  mg  deg)* 

1 168 

87.5(7/8)+ 

62.5(5/8) 

1171 

100(8/8) 

62  5(5/8) 

1172 

62.5(5/8) 

25.0(2/8) 

1177 

85.7(6/7) 

37.5(3/5) 

Total 

26/31(83. 8») 

15/29(5  ITT) 

*  Cyproheptadine  was  administered  15  min  afler  the  amphetamine  injec¬ 
tion.  t  Number  of  dead  animals/tolal  number  of  animals  in  group. 
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(Fig.  3/4),  skin,  bone,  adipose  tissue,  and  less  frequently,  liver,  pancreas,  and 
heart  (Fig,  44).  It  was  not  always  easy  to  determine  whether  the  gas  bubbles 
were  intravascular  or  in  tissue  spaces.  Sometimes  serial  sections  revealed  that 
bubbles  which  on  coarse  examination  appeared  extravascular,  were  continuous 
with  the  lumen  of  a  blood  vessel.  Not  infrequently,  widely  separated  nuclei  of 
flattened  endothelial  cells  were  observed  around  such  bubbles.  Gas  accumula¬ 
tions  were  particularly  numerous  in  the  spleen  and  adrenals  giving  these  organs 
a  spongy  appearance  (Fig.  34). 

The  above  histologic  alterations  were  more  frequent  and  more  severe  in 
control  animals  than  in  those  treated  with  amphetamine-cyproheptadine.  Sur¬ 
viving  animals  that  were  subjected  to  euthanasia  at  intervals  after  decompres¬ 
sion  revealed  minimal  or  no  changes  (Fig.  3 B  and  4B). 

Amphetamine  administered  alone  did  not  reduce  morbidity  or  mortality  in 
DCS.  In  fact,  in  one  group  treated  w'ith  amphetamine  alone,  mortality  was 
higher  than  in  corresponding  controls.  The  number  of  animals  in  this  group, 
however,  was  not  sufficient  to  allow  statistical  evaluation  of  this  effect. 


Fig.  3.  A.  Adrenal  from  control  animal  (subjected  to  compression-decompression  without  drug  treat¬ 
ment),  which  died  40  min  after  decompression.  The  organ  has  a  sponge-like  appearance  because  of  numer¬ 
ous  gas  bubbles  of  varying  size  located  predominantly  in  the  cortex.  B.  Corresponding  adrenal  from 
animal  treated  with  amphetamine-cyproheptadine,  which  was  subjected  to  euthanasia  60  min  after  de¬ 
compression.  Both  the  cortex  and  the  medulla  are  free  of  gas  bubbles.  (Stained  with  hemotoxylin  and 
cosin  Original  magnification  7.8  X.) 


Fig.  A.  A  Myocardium  from  a  control  animal  (subjected  to  coinpression-dccoinpre!.sion  without  drug 
irealment)  showing  intravascular  gas  bubbles.  B  Corresponding  tissue  from  animal  that  was  treated  with 
amphetamine  cyproheptadine  before  compression.  No  gas  bubbles  are  present.  (Stained  with  hematoxy¬ 
lin  and  eosin.  Original  magnification  25  X.) 


DISCUSSION 

The  first  series  of  experiments  demonstrated  a  central  depressant  effect  of 
cyproheptadine  and  dimethothiazine  as  well  as  antagonism  of  this  effect  by 
amphetamine.  Evaluation  of  the  depressant  or  stimulant  action  of  the  drugs 
was  based  on  measurements  of  spontaneous  locomotor  activity,  which  is  easily 
quantitated  and  expressible  in  simple  units  (13).  This  method  obviously  does 
not  measure  all  the  complex  behavioral  changes  produced  by  compounds  with 
sedative  or  excitatory  effects.  It  does,  however,  provide  a  consistent  measure 
of  an  important  parameter  of  psychomotor  activity,  and  it  was  therefore  as¬ 
sumed  to  reflect  with  a  reasonable  degree  of  reliability  the  central  depressant 
or  stimulation  action  of  the  drugs.  Measurements  of  locomotor  activity  have 
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already  been  used  in  many  studies  of  behavioral  changes  induced  by  a  variety 
of  drugs  (14,15). 

It  is  evident  from  Figs.  1  and  2  and  from  Tables  I  and  11  that  7.5  mg/kg 
amphetamine  sulfate  counteracted  the  depressant  effect  of  5  mg/kg  cyprohepta¬ 
dine  and  40  mg/kg  dimethothiazine.  The  doses  of  the  latter  drugs  were  those 
which  were  previously  shown  to  ameliorate  DCS  (7,8).  Consequently,  the 
combination  amphetamine-cyproheptadine  in  the  above  doses  were  used  to  test 
the  effectiveness  of  cyproheptadine  in  ameliorative  DCS  when  its  sedative  ac¬ 
tion  is  counteracted. 

The  results  indicate  that  the  combined  amphetamine-cyproheptadine  treat¬ 
ment  decreased  the  incidence  and  severity  of  clinical  manifestation  and  histo¬ 
logic  alterations  and  reduced  mortality  by  38.3%,  as  seen  in  Table  ill.  This 
decrease  in  mortality  does  not  significantly  differ  from  the  44.4%  reduction 
obtained  when  the  same  dose  of  cyproheptadine  was  administered  alone  in  pre¬ 
vious  studies  (16).  Because  the  pharmacologic  effects  of  dimethothiazine  are 
similar  to  those  of  cyproheptadine,  it  is  reasonable  to  expect  that  dimethothia¬ 
zine  will  also  retain  the  DCS-ameliorating  effect  when  its  sedative  action  is 
counteracted.  This,  however,  will  remain  a  speculative  extrapolation  until  fur¬ 
ther  experimentation  explores  the  effect  of  the  combined  amphetamine-dimeth- 
othiazine  administration  on  DCS. 

The  observations  of  these  investigations  leads  to  the  conclusion  that  the 
DCS-ameliorating  effect  of  cyproheptadine,  and  conceivably  of  dimethothia¬ 
zine,  is  independent  of  the  sedative  action  of  the  compounds.  The  observation 
that  sedation  is  not  responsible  for  the  protection  against  DCS  is  consistent 
with  the  reported  failure  of  hypnotics  (chloralose)  to  prevent  DCS  (10).  (' 

As  mentioned  earlier,  demonstration  of  the  ability  of  cyproheptadine  to 
decrease  morbidity  and  mortality  in  DCS  when  its  central  depressant  effect  is 
counteracted  is  of  theoretical  as  well  as  practical  importance.  From  a  theoreti¬ 
cal  point  of  view,  the  results  of  the  present  investigation  suggests  that  the 
DCS-ameliorating  effect  of  cyproheptadine  is  related  to  its  activity  against  bra- 
dykinin,  histamine,  and  serotonin  rather  than  to  the  central  depressant  action  of 
the  compound.  This  in  turn  supports  the  previously  proposed  implication  of 
smooth  muscle  stimulating  substances  in  the  pathogenesis  of  DCS  (1-7).  The 
practical  aspect  of  the  study  is  related  to  the  obvious  problems  with  the  use  of 
DCS-ameliorating  drugs  that  produce  sedation  and  drowsiness.  Such  effects 
could  impair  performance  of  divers  and  compressed  air  workers  and,  in  ex¬ 
treme  situations,  jeopardize  their  missions  and  even  their  safety.  Elimination 
of  the  undesirable  sedative  effect  of  cyproheptadine  and  dimethothiazine  by  the 
use  of  psychomotor  stimulants,  such  as  amphetamine,  alleviates  these  difficul¬ 
ties  and  provides  an  attractive  and  promising  pharmacologic  approach  for  the 
amelioration  of  DCS  in  humans. 
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DYSBARIC  OSTEONECROSIS,  a  potentially  disa¬ 
bling  disorder,  has  recently  been  recognized  as  a  ma¬ 
jor  hazard  in  divers  and  compressed-air  workers.  The 
incidence  of  the  disease  ranges  from  4%  in  Royal 
Navy  Divers'  to  50-60%  in  Japanese  diving  fisher¬ 
men.2'3  The  etiology  and  pathogenesis  of  dysbaric  os¬ 
teonecrosis  are  still  obscure.4  An  animal  model  cot  ld 
be  very  helpful  in  improving  our  understanding  of 
causative  and  predisposing  factorsand  in  the  develop¬ 
ment  of  preventive,  diagnostic,  and  therapeutic  proce¬ 
dures.  The  hereditary  obese  hyperglycemic  mouse  de¬ 
velops  dysbarism-induced  bone  necrosis  that  closely 
parallels  human  dysbaric  osteonecrosis. 

Biologic  Features 

Hereditarily  obese  hyperglycemic  C57BL/6J  mice 
(Jackson  Memorial  Laboratories,  Bar  Harbor, 
Maine)  consistently  develop  dysbaric  osteonecrosis 
when  subjected  to  75  psig  (6327  g/sq  cm)  air  pressure 
for  2-3  hours  followed  by  stage  decompression  with 
stops  at  50,  40,  30,  20,  and  10  psig  for  5,  25,  35,  75, 
and  120  minutes,  respectively.3  With  this  simulated 
dive  profile,  the  majority  of  the  animals  (about  93%) 
do  not  exhibit  clinical  signs  of  decompression  sick¬ 
ness. 

Histologic  evidence  of  osteonecrosis  appears  after  a 
latent  period  of  at  least  2  months  following  dysbaric 
exposure.  The  necrotic  lesion  involves  the  spongy  tis¬ 
sue  of  a  part  or  of  the  entire  epiphysis.  In  early  stages 
the  osteocytes  in  epiphyseal  trabeculas  exhibit  pykno- 
sis  and  karyorrhexis,  and  the  marrow  cells  show  indis¬ 
tinct  cellular  boundaries  and  loss  of  nuclear  staining. 
In  more  advanced  lesions  the  lacunas  in  the  necrotic 
trabeculas  are  devoid  of  osteocytes,  and  the  intertra- 
becular  marrow  spaces  contain  amorphous  masses  of 


granular  debris  (Figure  1 )  and  sometimes  fragments  of 
necrotic  bone.  Several  microracks  (fissures)  are  seen 
between  lamellas,  usually  extending  to  the  surface  of 
the  trabeculas  (Figure  1),  occasionally  resulting  in  tis¬ 
sue  fragmentation.  In  some  cases  necrotic  epiphyseal 
trabeculas  appear  fractured,  and  occasionally  col¬ 
lapse  of  the  articular  surface  is  observed.  In  other 
cases  there  is  erosion  of  the  articular  cartilage  and  of 
the  subjacent  bone  of  the  epiphysis  w  ith  formation  of 
concave  defects,  sometimes  associated  with  epiphys¬ 
eal  collapse.3  At  later  stages  fibrovascular  tissue  in¬ 
vades  intertrabecular  spaces  and  replaces  necrotic 
marrow  (Figure  2).  Sometimes  vascular  connective  tis¬ 
sue  showing  evidence  of  osteoclastic  activity  can  be 
seen  surrounding  partially  resorbed  bone  fragments.5 
Appositional  new  bone  formation  is  observed  in  only 
few  cases  (Figure  2). 

Comparison  With  Human  Disease 

Etiology 

Dysbaric  osteonecrosis  in  mice,  like  the  human  dis¬ 
ease,  is  induced  by  exposure  to  dysbaric  conditions 
that  do  not  necessarily  produce  clinical  manifestations 
of  decompression  sickness. 
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Figure  1  — Epiphysis  of  the  proximal  end  of  the  tibia  of  a  mouse  5  months  after  multiple  dysbaric  exposures.  Note  necrotic  trabeculas  with 
microcracks  ( arrows )  and  lacunae  devoid  of  osteocytes  and  the  intervening  marrow  spaces  containing  granular  debris.  Normal  bone  marrow 
can  be  seen  in  the  right  portion  o*  the  microphotograph.  (H&E,  x25) 


Latent  Period 

In  both  species  the  necrotic  lesion  appears  after  a  la¬ 
tent  period  of  at  least  2  months;  in  mice  this  period  can 
be  9  months  or  longer,  and  in  man  it  can  reach  several 
years. 

Distribution 

The  lesion  involves  predominantly  the  epiphysis  of 
long  bones  in  both  the  mouse  and  man;  diaphyseal  le¬ 
sions,  which  occur  in  man,  have  not  been  observed  in 
mice.  The  distal  end  of  the  femur  and  proximal  end  of 
the  tibia  is  a  frequent  site  in  both  species.  The  head  of 
the  femur  and  humerus  on  the  other  hand  is  common¬ 
ly  involved  in  man,  but  only  rarely  in  mice.  These  dif¬ 
ferences  in  distribution  could  be  due  to  circulatory  pe¬ 
culiarities  and  differences  in  postural  characteristics 
of  the  two  species. 

Histopathology 

The  histologic  changes  observed  in  the  mouse 
model  closely  resemble  those  seen  in  the  human  dis¬ 
ease.  The  similarity  is  evident  both  in  the  development 
of  the  necrotic  lesion  as  well  as  in  the  repair  process. 


Radiology 

Osteonecrotic  lesions  in  humans  can  be  diagnosed 
by  X-rays.  No  attempts  were  made  to  detect  lesions  in 
mice  radiologically  because  of  the  minute  size  of  the 
structures  involved. 

Incidence 

The  magnitude  of  pressure,  frequency  of  exposure 
and  rate  of  decompression  affect  the  incidence  in  both 
man  and  mice.41' 7  Obesity  predisposes  mice  to  the 
disease,  and  there  are  indications  that  it  may  have 
similar  effects  in  man.4'’*''  The  rale  of  compression 
influences  the  incidence  of  osteonecrosis  in  mice.4  * 
The  effect  of  this  factor  in  man  has  not  been  explored. 

Usefulness  of  the  Model 

The  mouse  model  is  suitable  for  studies  on  the  etiol¬ 
ogy,  pathogenesis,  and  prevention  of  dysbaric  osteo¬ 
necrosis  because,  as  in  the  human  disease,  the  lesion  is 
induced  by  dysbarism  and  not  caused  by  artificially 
produced  ischemia,  as  in  some  other  models.10  "  Fur¬ 
thermore,  unlike  other  animal  models,  a  large  number 
of  mice  can  be  subjected  to  eompression/decompres- 
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Figure  2— Epiphyseal  lesion  in  the  proximal  end  of  the  tibia  10  months  after  hyperbaric  exposure.  Necrotic  trabeculas  and  subchondiai  bone 
with  empty  lacunas  are  evident  New  appositional  bone  with  lacunas  containing  osteocytes  is  sharply  demarcated  from  the  adjacent  necrotic 
tissue  {left).  The  vascular  connective  tissue  which  has  replaced  necrotic  marrow  contains  hematopoietic  and  adipose  tissue  elements  {H&E. 
x  64) 


sion  simultaneously  in  the  same  chamber  to  ensure  ex¬ 
posure  of  various  groups  to  identical  environmental 
conditions.  This  facilitates  controlled  experiments  on 
predisposing  factors  (eg,  obesity),  preventive  treat¬ 
ment,  and  other  comparative  studies.  The  large  num¬ 
ber  of  animals  that  can  be  used  also  permits  statistical 
analysis  of  the  data.  The  mouse  model  has  been  used 
for  studies  on  the  influence  of  various  factors  on  the 
incidence  and  latency  of  dysbaric  osteonecrosis'  *  and 
on  bone  and  cartilage  collagen  metabolism  at  various 
stages  of  the  lesion  and  under  various  conditions.’1 
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Dysbaric  Osteonecrosis 

Etiological  and  Pathogenetic  Concepts 
Chrxssxnihos  P.  Ciiryssan  moc.  M.D.* 


The  expanding  industry  of  off  shore  oil 
drilling,  the  popularity  of  scuba  diving,  the 
continuing  underwater  and  space  exploration 
and  many  other  commercial,  scientific  and 
military  activities  are  responsible  for  an  in- 
ereasing  exposure  of  man  to  abnormal  pres¬ 
sures.  More  people  than  ever  before  are  now 
more  often  subjected  to  dysbaric  conditions, 
working  longer  in  compressed  air  environ¬ 
ments.  diving  deeper  into  the  seas  and  flying 
higher  into  the  atmosphere. 

Exposure  to  abnormal  pressures  is  asso¬ 
ciated  with  potential  hazards  including  dys¬ 
baric  disorders.  One  such  disorder  which  may 
develop  in  individuals  subjected  to  changes 
in  ambient  pressure  is  dysbaric  osteonecrosis. 
This  potentially  disabling  disease  is  alarm¬ 
ingly  widespread  in  divers  and  compressed 
air  workers.  The  incidence  of  dysbaric  osteo¬ 
necrosis  varies  depending  on  the  conditions 
of  hyperbaric  exposure.  In  some  groups  of 
Japanese  diving  fishermen  the  incidence 
reaches  50-6(1 

The  relatively  high  incidence  of  dysbaric 
osteonecrosis,  our  inability  to  prevent  its 
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development,  and  the  latency  of  the  lesion 
which  precludes  early  diagnosis  have  created 
great  concern. 

No  significant  progress  in  the  prevention, 
diagnosis  and  management  of  dy  sbaric  osteo¬ 
necrosis  can  be  expected  as  long  as  the  eti¬ 
ology  and  pathogenesis  of  this  condition  re¬ 
main  obscure.  Our  knowledge  of  the  role  ol 
various  etiologic  and  predisposing  factors 
and  the  sequence  of  events  leading  to  dys¬ 
baric  bone  necrosis  is  extremely  limited 
despite  a  plethora  of  theories  and  specula¬ 
tions,  Most  of  the  hypotheses  on  the  eti¬ 
ology  and  pathogenetic  mechanisms  lack  sup¬ 
port  by  convincing  scientific  data  and  arc  at 
best  controversial.  This  uncertainty  is  in  part 
due  to  the  absence  of  a  satisfactory  experi¬ 
mental  model  for  testing  the  validity  and 
significance  of  the  various  postulates. 

Experimental  aseptic  bone  necrosis  was 
produced  in  dogs  by  subjecting  them  to 
compression-decompression;"  in  rabbits  by 
dysbaric  exposure.-'  artificial  emboli  (glass 
beads)'1  and  lipid  embolism;-’"  in  sheep  by 
severing  specific  vessels ;  '  and  in  miniature 
swine  and  mice  by  exposure  to  compression- 
decompression.1"- 

There  are  serious  doubts,  however,  that 
the  lesions  produced  in  experimental  animals 
are  identical  to  those  observed  in  man.  Fur¬ 
thermore.  it  is  questionable  that  the  disorder 
in  these  animal  models  has  the  same  etiology 
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and  pathogenesis  as  in  humans.  Nevertheless, 
this  is  the  only  information  available  from 
animal  studies  and  although  extrapolations 
should  be  made  cautiously,  certain  experi¬ 
mental  observations  in  conjunction  with  epi¬ 
demiological  data  could  form  the  basis  for 
working  hypotheses. 

There  are  many  fundamental  questions 
challenging  researchers.  Is  dysbaric  osteone¬ 
crosis  associated  with  decompression  sick¬ 
ness'.’  What  is  the  relative  role  of  the  magni¬ 
tude  of  pressure,  duration  and  frequency  of 
exposure,  rate  of  compression  and  decom¬ 
pression  and  nature  of  inhaled  gases?  Is  the 
lesion  ischemic  necrosis?  If  so,  is  ischemia 
caused  by  vascular  changes,  thrombosis  or 
embolization?  If  embolization  is  implicated, 
what  type  of  emboli  are  responsible  (gas 
bubbles,  thromboemboli  or  lipid  material)? 
Is  it  one.  or  multiple  pathologic  alterations 
which  lead  to  the  development  of  the  lesion'’ 
Is  the  gas  bubble  the  single  initiator  of  these 
alterations?  Are  there  other  etiologic  and 
pathogenetic  factors  related  to  compression 
and  or  decompression  but  independent  of 
gas  bubbles?  This  communication  will  at¬ 
tempt  to  analyze  certain  etiological  anil 
pathogenetic  concepts  and  present  relevant 
experimental  data  obtained  by  the  author. 

CORRELATION  OF  DYSBARIC 
OSTEONECROSIS  WITH 
DECOMPRESSION  SICKNESS 

The  association  of  dysbaric  osteonecrosis 
with  decompression  sickness  is  still  a  con¬ 
troversial  subject.  The  question  is  not  moot. 
It  is  relevant  to  the  etiology  and  patho¬ 
genesis  of  dysbaric  osteonecrosis  and  may 
have  significant  practical  applications  in  the 
prevention  of  the  lesion. 

Statistical  data  do  not  support  the  thesis 
that  bone  necrosis  is  associated  with  a  his¬ 
tory  of  decompression  sickness.  Surveys  on 
U.S.  Navy  divers,  and  on  West  Coast  tunnel¬ 
ing  projects  and  data  collected  by  the  United 
Kingdom  registry  of  compressed  air  workers 
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failed  to  reveal  any  significant  correlation.1 
Many  victims  of  decompression  sickness  do 
not  develop  osteonecrosis,  and  bone  lesions 
arc  detected  in  divers  and  compressed  aii 
workers  who  had  no  symptoms  of  the  dis¬ 
ease.  In  fact  only  1 5 . X ' 7  of  the  I  S.  Navy 
divers  with  osteonecrosis  reported  decom¬ 
pression  sickness.  :  Furthermore,  no  corre¬ 
lation  was  found  between  the  number  of  de¬ 
compression  sickness  episodes  and  incidence 
of  bone  lesions.  " 

The  results  from  our  experimental  studies 
arc  consistent  with  the  above  observations. 
By  selecting  appropriate  dive  profiles  we  were 
able  to  produce  osteonecrotic  lesions  in 
animals  which  did  not  exhibit  signs  of  de¬ 
compression  sickness  at  any  time.1" 

It  has  been  suggested  that  lack  of  corre¬ 
lation  between  decompression  sickness  and 
osteonecrosis  may  he  due  to  the  fact  that 
individuals  with  bone  lesions  may  have  failed 
to  report  a  prior  'hit''  because  of  reluctance 
to  enter  a  recompression  chamber  or  for 
other  reasons.  The  argument  certainly  docs 
not  apply  to  experimental  animals,  and  it  is 
questionable  whether  it  represents  a  signifi¬ 
cant  factor  in  human  statistics. 

The  assumption  that  dysbaric  osteone¬ 
crosis  is  independent  from  decompression 
sickness  does  not  necessarily  imply  that  the 
2  conditions  have  entirely  different  etiologies 
and  pathogenetic  mechanisms.  It  is  gener¬ 
ally  accepted  that  gas  bubbles  initiate  the 
chain  of  reactions  which  are  responsible  for 
decompression  sickness.  Gas  bubbles  could 
also  initiate  changes  leading  to  bone  necrosis. 
Depending  on  certain  conditions  gas  bubbles 
could  trigger  either  mechanism  or  both.  In 
light  of  this  theory,  the  frequent  occurrence 
of  dysbaric  osteonecrosis  without  preceding 
history  of  decompression  sickness  and  the 
seemingly  conflicting  reports  of  increased  in¬ 
cidence  of  bone  lesions  in  individuals  who 
suffered  decompression  sickness  are  not 
necessarily  contradictory. 

“Safe"  decompression  tables  are  considered 
adequate  as  long  as  they  prevent  develop- 
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ment  of  decompression  sickness.  It  is  con¬ 
ceivable.  however,  that  safe  decompression, 
while  keeping  gas-tension  levels  below  those 
required  to  produce  acute  manifestations  of 
decompression  sickness,  may  permit  super¬ 
saturation  of  the  long  half-time  fatty 
bone  marrow  with  subsequent  bubble  forma¬ 
tion.  In  addition,  it  is  known  that  gas  bub¬ 
bles  may  be  present  even  after  routine 
asymptomatic  decompression.4  These  asymp¬ 
tomatic  gas  bubbles  are  termed  "silent." 
They  may  be  "silent"  in  terms  of  decom¬ 
pression  sickness  but  not  in  terms  of  dysbaric 
osteonecrosis.  Showers  of  silent  embolic 
bubbles  during  repeated  decompressions  have 
been  implicated  in  the  pathogenesis  of  bone 
lesions.-” 

Harvey-'-’  has  stated  that  ".  .  .  the  low 
tolerance  of  bone  for  inert-gas  supersatura¬ 
tion.  may  precipitate  development  of  lesions 
( osteonecrotic )  when  present-day  decom¬ 
pression  tables  are  followed."  If  this  is  so. 
decompression  tables  may  require  recalcula¬ 
tion  in  consideration  of  the  longer  half-time 
tissues  and  of  the  questionable  "innocence” 
of  silent  bubbles.  In  view  of  the  above,  it  is 
apparent  that  gas  bubbles  may  represent  a 
common  denominator  in  the  etiologies  of  de¬ 
compression  sickness  and  dysbaric  osteo¬ 
necrosis. 

Although  the  possibility  cannot  be  ruled 
out  that  development  of  the  2  conditions  may 
follow  entirely  different  pathways,  it  seems 
more  likely  that  dysbaric  bone  lesions  and 
decompression  sickness  share  some  of  the 
pathogenetic  alterations  and  initiating  factors. 

CERTAIN  FACTORS  INFLUENCING 
THE  INCIDENCE  OF  DYSBARIC 
OSTEONECROSIS 

Magnitude  of  Pressure 
The  correlation  between  the  degree  of 
pressure  and  the  incidence  and  severity  of 
bone  lesions  has  been  shown  both  in  animal 
and  human  studies.  McCallum  reported  that 


osteonecrosis  in  caisson  workers  was  directly 
related  to  the  degree  of  pressure  and  the 
number  of  exposures,45  and  Kawashima  ob¬ 
served  a  relationship  between  bone  lesions 
and  diving  depth  in  a  study  of  268  cases  of 
osteonecrosis  in  Japanese  shell  divers,-'' 
These  observations  are  in  accord  with  ex¬ 
perimental  data  which  indicate  that,  under 
controlled  conditions,  the  severity  of  bone 
and  joint  changes  in  rabbits  is  correlated  to 
the  degree  of  pressure.-' 

Number  of  Exposures 

There  are  several  reports  indicating  that 
the  incidence  of  dysbaric  osteonecrosis  is 
correlated  with  the  number  of  dysbaric  ex¬ 
posures.  These  communications  include  the 
findings  of  the  Decompression  Sickness 
Panel  of  the  Medical  Research  Council 
(United  Kingdom),  studies  on  Japanese 
divers-"*  and  caisson  workers/5  and  data 
from  animal  investigations."1-'5 

Results  obtained  in  our  laboratories  show 
that  repeated  exposures  of  mice  to  dysbaric 
conditions  not  only  significantly  increases  the 
incidence  of  bone  lesions  but  also  shortens 
the  latent  period.  With  multiple  exposures 
the  incidence  of  the  lesion  within  3  months 
after  the  initial  exposure  was  25 '  <•  .  During 
the  same  period  following  single  exposure, 
however,  no  bone  abnormalities  were  de¬ 
tected."1 

Multiple  exposures  may  have  cumulative 
effects.  Harvey  considers  repeated  showers 
of  silent  bubbles  more  important  in  the  de¬ 
velopment  of  bone  lesions  than  a  single 
insult.--’  It  is  possible  that  with  a  single  epi¬ 
sode  the  affected  area  of  the  bone  is  too 
small  to  be  detected  or  the  healing  is  so  per¬ 
fect  that  restituted  necrotic  tissues  reveal 
no  evidence  of  prior  damage.  Subsequent  in¬ 
farctions.  on  the  other  hand,  may  either  re¬ 
sult  in  coalescence  of  minute  lesions  or  cause 
further  circulatory  impairment  and  thus  pre¬ 
vent  healing.  These  possibilities  were  con¬ 
sidered  by  Jones  in  reference  to  single  and 


1 


4 


Nwfnbe'  130 

Jont'Ory  Feb'uo.'r.  1970 


Dysbaric  Osteonecrosis  97 


multiple  episodes  of  fat  embolization.- :  It 
is  also  eoneeivahle  that  gas  micronuclei  re¬ 
maining  after  the  initial  exposure  may  precipi¬ 
tate  bubble  formation  in  subsequent  expo¬ 
sures  at  lower  levels  of  gas  supersaturation. 

COMI’KI  SSION  AND  Dl  (  OMt'Kl  SSIOS 

Sr  HKOt  i.t:s 

In  assessing  the  effect  of  different  decom¬ 
pression  profiles  on  the  incidence  of  dyx- 
baric  osteonecrosis,  several  factors  have  to 
be  taken  into  account,  including  the  magni¬ 
tude  of  pressure,  duration  of  exposure  (work 
schedules )  and  type  of  decompression 
(oxygen  or  air  inhalation).  Although  no 
specific  studies  were  reported  where  different 
decompression  profiles  were  compared,  with 
all  other  variables  being  the  same,  it  seems 
that  the  rate  of  decompression  does  influence 
the  incidence  of  bone  lesions.  This  is  evident, 
for  example,  when  one  compares  the  high 
incidence  of  osteonecrosis  in  compressed 
air  workers  in  the  U.S.  before  1963.  when 
inadequate  decompression  tables  were  used, 
with  the  dramatic  reduction  in  the  incidence 
of  the  disorder  after  the  Washington  State 
tables  with  extended  decompression  time 
were  adopted. h-  ■*-’ 

We  recently  reported  what  we  believe  to 
be  the  first  study  on  the  influence  of  the  rate 
of  compression  on  the  development  of  bone 
lesions.'"  This  work  revealed  that  the  rate  ol 
compression  appreciably  affects  the  incidence 
of  b one  lesions  under  otherwise  identical 
experimental  conditions.  In  a  total  of  57 
mice  subjected  to  rapid  compression  27  de¬ 
veloped  osteonecrosis  (47.3' <  )  while  in  34 
animals  subjected  to  stage  compression  only 
8  had  bone  lesions  (23.5',  ).  It  is  premature 
to  speculate  on  the  mechanism  of  this  effect 
based  on  a  single  observation.  Nevertheless, 
it  is  tempting  to  consider  the  possible  role  of 
gas-induced  osmosis,  which  may  be  influ¬ 
enced  by  the  rate  of  compression  and  has 
been  implicated  in  the  pathogenesis  of  osteo¬ 
necrosis.-’1  Assessment  of  the  possible  role  of 


the  rate  of  compression  in  dysbaric  phenom¬ 
ena  is  important  and  requires  further 
investigations. 

Old  si  i  v 

Our  experimental  studies  revealed  a  strik¬ 
ing  difference  in  susceptibility  to  dysbaric 
osteonecrosis  between  obese  and  thin  mice.'" 
Under  identical  experimental  conditions  the 
incidence  of  dysbaric  bone  necrosis  in  ani¬ 
mals  with  an  average  weight  of  24,  54  and 
78 g  was  5.8.  26.3  and  38.6',  respectively. 
Obesity  not  only  increased  the  incidence  of 
osteonecrosis  but  also  shortened  the  latent 
period. 

The  increased  susceptibility  of  obese  mice 
to  dy  sbaric  osteonecrosis  may  be  related  to 
the  higher  content  of  fat  in  their  bone  mar¬ 
row  and  the  high  solubility  of  nitrogen  in 
fat.  Exchange  of  nitrogen  in  the  fatty  bone 
marrow  proceeds  slowly  and  decompression 
could  cause  great  supersaturation  of  the  gas 
in  this  tissue  with  the  potential  of  generating 
gas  bubbles  over  relatively  long  periods  of 
time.  Such  extravascular  gas  bubbles  released 
from  fatty  elements  of  the  bone  could,  within 
the  rigid  confines  of  the  osseous  tissue,  exert 
sufficient  pressure  to  compress  blood  vessels 
and  cause  ischemic  changes.  Initially  extra- 
vascular  gas  bubbles  would  affect  veins  which 
arc  more  susceptible  to  compression,  thus 
resulting  in  stasis.  The  observed  congestion 
and  hemorrhagic  foci  in  the  bone  marrow 
of  animals  which  died  within  48  hours  post- 
decompression1"  are  consistent  with  this 
hypothesis.  Another  factor  to  be  considered 
is  that  obese  mice  have  fatty  livers.  It  has 
been  suggested  that  the  fatty  liver  is  capable 
of  spontaneously  releasing  embolic  fat 
globules  into  the  circulation.1* 

Obesity  and  hyperlipidemia  have  been  con¬ 
sidered  predisposing  factors  in  nondysbaric 
aseptic  bone  necrosis. ?1  Conti  advises  that  be¬ 
cause  of  an  apparent  relationship  between 
hyperlipidemia  and  osteonecrosis,  no  indi¬ 
vidual  with  such  a  condition  should  be  per- 
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TABLE  1.  Dysbaric  Osteonecrosis 

tMolo\iical  and  Pathogenetic 

Factors 

/.\<  ht'n  ii< 

•  Changes 

Xnn-f\(  fwmu  (  fnimic  \ 

Embolic 

Son-Embolic 

Gas  hubbies 

bxtravascular  bubbles 

Autoimmunity  and  disproteincmia 

l  ipid  material 

(compressing  vessel) 

Elevated  PO, 

Thromboemboli 

( fibrin,  platelets,  tic.) 

Intravascular  bubbles 
(obstructing  lumen) 

(toxic  changes  in  hone) 
(alterations  in  collagen) 

Intimal  thickening 

Gas-induced  osmotic 

(narrowing  of  lumen) 

shill  of  fluids 

Thrombosis 

Vasoactive  substances 

mined  to  dive.1'  Caution  regarding  exposure 
of  obese  individuals  to  dvsbaric  conditions 
may  also  be  advisable  until  more  information 
from  clinical  observations  becomes  available. 

ETIOLOGIC  AND  PATHOGENETIC 
FACTORS 

In  order  to  somewhat  simplify  our  review 
of  the  numerous  and  diverse  etiologic  and 
pathogenetic  concepts  that  have  been  ad¬ 
vanced  in  reference  to  the  development  of 
dvsbaric  osteonecrosis  we  arbitrarily  listed 
the  most  important  of  the  various  implicated 
alterations  under  the  headings  of  ischemic 
(embolic  and  nonembolic)  and  nonischemic 
changes  (Table  I).  Furthermore  we  at¬ 
tempted  to  present  a  comprehensive  se¬ 
quence  of  events  that  could  lead  to  bone 
necrosis  by  charting  the  suggested  alterations 
in  distinct  pathways  and  indicating  interac¬ 
tions  and  overlapping  chain  reactions  (Fig.  1 ). 

Ischemic  Chanc.es 

Most  authors  agree  that  dysbaric  osteo¬ 
necrosis  represents  an  ischemic  lesion.  The 
controversy  begins  when  the  mechanism  of 
ischemia  is  considered.  Is  it  embolization  or 
nonembolic  changes?  What  is  the  nature  and 
origin  of  the  embolic  material? 


llmboli:xnion.  Intravascular  gas  bubbles, 
lipid  particles,  and  thrombotic  material  can 
all  conceivably  produce  embolization.  Bone 
necrosis  has  been  produced  experimentally 
by  embolic  obstruction  of  blood  vessels  us¬ 
ing  lipid  particles,  glass  heads  and  other 
artificial  emboli.  ■ 

Many  investigators  consider  embolization 
by  gas  bubbles  a  major  factor  in  dysbaric 
osteonecrosis.  It  is  an  established  fact  that 
gas  bubbles  tire  present  in  the  vascular  sys¬ 
tem  despite  the  use  of  standard  decompres¬ 
sion  profiles.  Furthermore  intravascular 
bubbles  have  been  detected  even  after  asymp¬ 
tomatic  decompression  (silent  bubbles  I  ?  The 
presence  of  gas  bubbles  has  been  detected 
by  Doppler  ultrasonic  monitors  and  other 
devices.11-  1:  Intravascular  gas  bubbles  have 
also  been  observed  by  light  and  electron 
microscopy  of  various  organs  and  tissues 
including  bone.1"  Some  authors  question 
whether  round  empty  spaces  always  represent 
gas  bubbles.  To  a  certain  extent  their  doubts 
are  justified  even  though  there  are  several 
criteria  which  help  identify  gas  bubbles  (nega¬ 
tive  fat  stains,  deformity  and  evidence  of 
pressure  in  structures  surrounding  the  empty 
space,  etc.). 
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In  general  it  seems  that  there  is  little  doubt 
that  intravascular  gas  bubbles  are  formed  not 
only  in  cases  of  inadequate  decompression 
but  also  following  standard  "safe"  proce¬ 
dures.  What  is  questionable,  however,  is  not 
so  much  the  presence  of  gas  bubbles  in  blood 
vessels  but  rather  the  ability  of  those  bubbles 
to  cause  sufficient  ischemia  to  produce  bone 
lesions.  Arterial  air  embolism  in  the  hind 
legs  of  dogs  and  exposure  of  animals  to  dys¬ 
baric  conditions  that  generated  intravascular 
gas  bubbles  in  bones  failed  to  produce  osteo¬ 
necrosis.15'  It  has  been  suggested  that 
vascular  obstruction  by  nitrogen  gas  bubbles 
is  only  temporary,  until  gaseous  emboli 
either  pass  through  the  capillary  bed  or  are 
dissolved  in  the  blood. 27  This,  of  course,  de¬ 
pends,  among  other  factors,  on  the  size  of 
the  bubble  and  the  relative  nitrogen  satura¬ 
tion  of  tissue  and  blood.  It  was  mentioned 
earlier  that  fatty  marrow  is  a  "slow'’  tissue 
which  can  remain  supersaturated  for  long 


periods  of  time  following  decompression. 
This  could  sustain  obstructing  gas  bubbles 
for  sufficient  time  to  produce  ischemic 
changes. 

Whether  or  not  intravascular  gas  bubbles 
w  ill  produce  detectable  ischemic  changes  is 
determined  by  several  factors:  type  of  tissue, 
duration  of  obstruction,  size  of  the  affected 
area,  vascularization  of  the  affected  area, 
extent  of  repair,  etc.  It  is  reasonable  to  ex¬ 
pect  that  fatty  marrow  with  its  long  half-time 
and  inadequate  collateral  circulation  would 
favor  production  of  detectable  ischemic 
changes  by  gas  bubbles  particularly  if  sus¬ 
tained  or  repeated  insults  increase  the  size 
of  the  affected  area  and  interfere  with  heal¬ 
ing  processes. 

Inadequate  vascularization  of  certain  areas 
in  bones  may  be  an  important  predisposing 
factor.  Fnd-arteries  which  favor  embolic 
occlusion1”  arc  present  under  open  epiphy¬ 
seal  plates  and  articular  cartilages,  which 
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probably  explains  the  frequent  occurrence  of 
metaphyseal  and  subchondral  bone  necro¬ 
sis. jr  Poor  arterial  supply  of  the  femoral  head 
in  rabbits  has  been  cited  as  the  reason  for  the 
ease  by  which  ischemic  lesions  were  pro¬ 
duced  by  injection  of  embolic  particles.1’ 

Vascular  obstruction  by  fat  emboli  is  an¬ 
other  controversial  question.  Some  authors 
consider  fat  embolization  an  important  etio- 
logic  factor;-'  -'"  others  have  voiced  the  op¬ 
posite  view.*'  Jones,  <•/  til.  succeeded  in 
producing  intraosseous  fat  embolization-' 
and  osteonecrosis  in  the  femoral  heads  of 
rabbits  bv  a  single  infusion  of  lipid  material 
into  the  distal  aorta.  If  indeed  fat  emboli 
are  involved  in  the  pathogenesis  of  dysbaric 
osteonecrosis,  we  are  still  left  with  the  un¬ 
settled  question  of  their  origin,  f  igure  I 
indicates  2  sources  of  embolic  fat  particles: 
fatty  tissue  disrupted  by  expanding  gas  bub¬ 
bles  and  lipid  derived  from  lipoproteins.  I  he 
presence  of  gas  bubbles  in  the  fatty  bone 
marrow  and  in  adipose  tissue  following  rapid 
decompression  has  been  demonstrated  by 
several  investigators.1  Since  adipose 

tissue  and  bone  marrow  are  "slow  "  tissues, 
supersaturation  of  dissolved  nitrogen  can 
occur  even  at  gas-tension  levels  which  pro¬ 
duce  no  symptoms  of  decompression  sick¬ 
ness.  It  is  conceivable,  therefore,  that  even 
under  conditions  of  "safe"  decompression, 
gas  hubbies  may  be  generated  in  these  tissues. 
These  bubbles  could  cause  disruption  of  fat 
cells  and  introduction  of  potentially  embolic 
lipid  material  into  the  circulation.  Detection 
of  marrow  fragments  in  pulmonary  vessels 
tends  to  support  this  hypothesis.-’  Additional 
support  derives  from  the  observation  that 
obese  animals  with  excessive  amounts  of 
adipose  tissue  and  fatty  marrow  arc  signiti 
cantly  more  susceptible  to  dvsbaric  osteo¬ 
necrosis  than  their  thin  littermates.1''  Pauley 
and  Cockett  suggested  that  expanding  gas 
bubbles  may  cause  liver  injury  resulting  in 
alteration  of  the  stability  of  lipids  with  sub¬ 
sequent  extrusion  of  unstable  fats  and  for¬ 


mation  of  emboli.  '  Fmbolic  lipid  particles 
can  also  be  formed  by  coalescence  and  ad 
hesion  of  plasma  lipids  to  the  blood-gas 
interface.  '  Another  possible  sequence  of 
events  involves  denaturation  of  plasma  lipo¬ 
proteins  by  blood-bubble  interlace  activity, 
release  of  the  lipid  mocity.  coalescence  of  the 
liberated  lipid  and  formation  of  embolic 
particles  (Fig.  It.  This  concept  of  lipid 
emboli  formation  following  gas-induced  dis¬ 
ruption  of  lipoprotein  linkages  is  supported 
bv  interesting  observations  related  to  extra¬ 
corporeal  kidney  perfusion.  Such  a  procedure 
utilizing  a  pulsatile  pump  and  membrane 
oxygenator  resulted  in  injury  of  the  isolated 
kidney  from  lipid  embolization.  However, 
preliminarv  denaturation  of  plasma  protein 
to  remove  lipid,  prevented  embolic  injttrv  to 
the  kidney. 

In  vitro  experiments  currently  conducted 
in  our  laboratories  further  support  the  hy¬ 
pothesis  of  bubble-induced  lipid  alterations 
In  these  experiments,  pooled  human  plasma 
or  serum  is  bubbled  with  air  at  a  rate  of  5- 111 
ml  minute  for  30-60  minutes  at  37  .  A 
control  sample  from  the  same  pooled  ma¬ 
terial  is  subjected  to  identical  conditions 
except  for  the  introduction  of  air  bubbles 
into  the  sample.  The  experimental  and  con¬ 
trol  samples  arc  then  passed  through  micro- 
porous  filters  of  varying  pore  size.  After 
filtration  is  completed  the  filters  are  dried 
and  stained  with  reagents  for  lipids.  In  addi¬ 
tion  chemical  determinations  of  various  lipids 
are  performed  in  the  samples  before  and  tiller 
filtration.  Preliminary  experiments  suggest 
that  bubbling  of  serum  with  air  induces  the 
formation  of  lipid  particles  which  are  re¬ 
tained  by  a  1.0  fim  and.  to  a  lesser  extent, 
by  ti  5.0,1m.  pore  size  filter.1' 

Ischemic  bone  changes  due  to  emboliza¬ 
tion  by  thrombotic  material  is  another  possi¬ 
bility  that  merits  consideration.  Figure  I  pre¬ 
sents  some  of  the  pathways  that  may  lead  to 
thromboembolism.  There  are  several  changes 
in  dysbaric  disorders  which  can  trigger  the 
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coagulation  mechanism  or  provide  conditions 
favoring  thrombus  production.  The  initiating 
event  is  again  the  gas  bubble.  The  blood- 
bubble  interface  may  interact  with  proteins, 
lipids  and  formed  elements  of  the  blood  re¬ 
sulting  in  adhesion  and  aggregation  of  throm¬ 
bocytes.  clumping  of  erythrocytes  and  co¬ 
alescence  and  adhesion  of  plasma  lipids.'' 
Clumping  of  red  blood  cells  was  considered 
a  secondary  complicating  factor  in  decom¬ 
pression  sickness  as  early  as  1938.'*  The 
reported  denaturation  of  proteins  as  a  result 
of  gas-liquid  interface  activity led  to  in¬ 
vestigations  suggesting  that  gas  huhbles  acti¬ 
vate  the  Hageman  factor, '■  u  thus  triggering 
the  coagulation  mechanism.  Disseminated 
intravascular  coagulation  associated  with  a 
fall  in  the  circulating  thrombocy  te  count  has 
been  thought  to  play  an  important  role  in 
decompression  sickness.1"  In  addition  to  the 
above  alterations,  decompression-induced 
hemoconcentration  and  sluggishness  of  the 
blood  (Fig.  I  )  could  also  favor  coagulation. 
Once  fibrin  and  platelet  thrombi  are  formed, 
it  is  not  an  unusual  complication  for  this 
thrombotic  material  to  detach  and  form 
emboli. 

Most  of  the  above  mentioned  hematologic 
alterations  are  bubble-induced.  Therefore, 
they  could  also  be  implicated  in  the  patho¬ 
genesis  of  dysbaric  osteonecrosis  even  in  the 
absence  of  a  history  of  decompression  sick¬ 
ness.  since  asymptomatic  (silent)  bubbles 
can  also  initiate  such  blood  changes.4'  Fail¬ 
ure.  however,  to  prevent  development  of  bone 
lesions  by  anticoagulants  and  platelet  func¬ 
tion  inhibitors45- 5"  easts  some  doubts  on 
thromboembolism  as  a  pathogenetic  factor 
in  osteonecrosis. 

Sonemholic  ischemic  changes.  The  vari¬ 
ous  nonembolic  alterations  that  could  cause 
ischemia  are  listed  in  Table  I.  Extravascular 
gas  bubbles  released  during  decompression 
from  the  supersaturated  fatty  elements  of  the 
bone  marrow  could  compress  blood  vessels 
and  impair  tissue  perfusion.  As  mentioned 


earlier,  it  is  conceivable  that  within  the  rigid 
confines  of  the  osseous  tissue  gas  bubbles 
may  build  up  sufficient  pressure  to  reduce 
blood  How  in  intraosseous  vessels  or  even 
cause  complete  obstruction.  The  presence  of 
thrombotic  or  embolic  material,  as  well  as 
pre-existing  stenotic  intimal  changes,  could, 
in  combination  with  extravascular  pressure, 
produce  more  severe  vascular  occlusion. 

Obstruction  of  intraosseous  blood  vessels 
by  autochthonous  gas  bubbles  and  thrombi 
needs  no  further  elaboration  since  specific 
conditions  regarding  bubble  formation  in 
bones  and  mechanisms  of  decompression- 
induced  clotting  and  platelet  aggregation 
have  already  been  dealt  with. 

Ischemic  changes  can  also  be  caused  by 
stenotic  vascular  changes.  Tight  and  electron 
microscopic  studies  on  long  bones  in  minia¬ 
ture  swines  revealed  that  intravascular  gas 
bubbles  cause  arterial  injury.  Intimal  thick¬ 
ening  and  myointimal  cell  proliferation  fol¬ 
lows  such  injury  with  consequent  narrowing 
of  the  vessel  lumen.1'-  *"  These  changes  pre¬ 
dispose  to  thrombosis  which  could  aggravate 
the  circulatory  impairment. 

Since  it  has  been  reported  that  vasoactive 
substances  are  released  or  activated  as  a  result 
of  gas-blood  interactions,"-  11  the  possibil¬ 
ity  of  vasomotor  changes  playing  at  least  a 
contributory  role  in  ischemic  changes  should 
be  borne  in  mind.  Supporting  this  view  is 
the  observation  that  intraarterial  adminis¬ 
tration  of  vasodilator  substances  causes  a 
redistribution  of  blood  (low  in  the  limb  by 
increasing  the  flow  through  the  muscles  at  the 
expense  of  that  through  the  bone  marrow. 4- 
This  decrease  of  blood  flow  could  also  inten¬ 
sify  the  effects  of  extravascular  compression 
or  of  vascular  obstruction  by  thrombotic  and 
embolic  material. 

Nonischemic  Cihsces 

All  of  the  previously  discussed  hypotheses 
concern  ischemic  changes,  with  the  gas  bub¬ 
ble  as  the  protagonist  causing  directly  or  in- 
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directly  circulatory  impairment.  Alternatively . 
there  is.  however,  the  possibility  that  factors 
other  than,  or  in  addition  to.  ischemia  and 
gas  bubble  related  events  may  play  signifi¬ 
cant  pathogenetic  roles.  In  this  regard  a 
number  of  interesting  concepts  deserve 
attention. 

(ids- induced  osmotic  shift  of  fluids.  It  has 
been  suggested  that  gas-concentration  gradi¬ 
ents  resulting  from  rapid  pressure  changes 
can  produce  osmotic  changes  and  fluid  shifts 
that  could  contribute  to  the  production  of 
bone  lesions.-'  Consequently,  the  rate  of 
compression  becomes  a  factor  that  may  in¬ 
fluence  the  development  of  bone  changes. 
Supporting  this  hypothesis  is  our  previously 
mentioned  finding  that,  with  rapid  compres¬ 
sion,  the  incidence  of  dysbaric  osteonecrosis 
is  higher  than  with  stage  compression.1"  In 
this  connection  it  has  also  been  reported  that 
the  severity  and  frequency  of  hyperbaric 
arthralgia  are  reduced  in  divers  subjected  to 
slow  compression  rates:  gas-induced  osmosis 
was  implicated  in  this  phenomenon  as  well/ 

Increased  PO:.  Toxic  effects  from  in¬ 
creased  oxygen  tension  in  hyperbaric  environ¬ 
ments  have  also  been  implicated  in  the 
pathogenesis  of  bone  lesions.  Long  exposures 
of  divers  and  compressed  air  workers  to 
hvperoxia  may  cause  collagen  modification 
as  it  has  been  observed  in  in  vitro  experi¬ 
ments/''  Such  modification  of  bone  collagen, 
including  loss  of  its  ability  to  tolerate  twist¬ 
ing  and  extension,  could  result  in  osteo¬ 
necrosis. 

.Autoimmunity.  Another  speculation  on 
the  pathogenesis  of  dysbaric  osteonecrosis 
implicates  altered  immunity  and  dyspro- 
teincmia.  This  hypothesis  of  an  autoimmune 
process  is  based  on  the  latency  of  bone 
lesions  and  on  the  observation  of  rouleaux 
formation,  amyloidosis  and  long  delayed 
membranous  glomerulitis  in  some  animals 
with  dysbaric  osteonecrosis/ 


FACTORS  AFFECTING  THE  SUS¬ 
CEPTIBILITY  OF  BONE  TO 
DYSBARIC  NECROSIS 

The  various  pathogenetic  mechanisms  of 
dysbaric  osteonecrosis  which  have  been  re¬ 
viewed  implicate  many  reactions  which  are 
systemic.  One  wonders  then,  why  is  bone 
the  only  site  that  manifests  the  effects  of 
widespread  alterations?  Why  does  only  bone 
suffer  from  hemostatic  and  rheologic  changes 
induced  by  compression-decompression? 
How  can  we  explain  selective  infarction  of 
bone  when  gas  bubbles  and  thrombi  could  be 
formed  in  any  vessel,  and  lipid  particles 
and  other  embolic  material,  once  they  pass 
into  the  systemic  circulation,  could  obstruct 
vessels  in  virtually  any  organ. 

••Stow  "  Tissue 

To  begin  with,  not  all  of  the  changes  which 
may  contribute  to  bone  lesions  are  systemic. 
It  was  mentioned  earlier  that  gas  exchange 
m  the  fatly  marrow  proceeds  at  different  rates 
than  in  other  tissues  and  that  decompression 
could  cause  great  supersaturation  of  this 
“slow"  tissue.  Because  of  this  and  of  the  low 
tolerance  of  bone  for  inert  gas  supersatura¬ 
tion.  injury  can  be  afflicted  upon  this  tissue 
by  decompression  profiles  that  do  not  affect 
other  tissues  and  organs.  Inert  gas  super¬ 
saturation  in  bone  may  persist  for  long 
periods  of  time,  resulting  in  generation  and 
growth  of  gas  bubbles  capable  of  compress¬ 
ing  or  occluding  intraosseous  blood  vessels. 

Riom  Tissue 

It  is  questionable  that  extravascular  bub¬ 
bles  in  elastic  and  compressible  tissues  can 
build  sufficient  pressure  to  cause  circulatory 
impairment.  In  the  rigid  compartments  of 
the  bone,  however,  evolving  extravascular 
gas  bubbles  might  compress  intraosseous 
vessels  to  a  degree  that  could  cause  ob¬ 
struction. 
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Poor  \  asci  i  \ri/aiion 
Certain  segments  of  the  long  bones  may 
be  more  vulnerable  to  ischemic  changes  be¬ 
cause  of  relatively  poor  vascularization.  In 
previous  paragraphs,  it  was  mentioned  that 
the  arteries  supplying  subchondral  and  meta¬ 
physeal  areas  are  thought  to  be  terminal. 
Such  end-arteries  favor  production  of  em¬ 
bolic  injury. 

Dicri. \stt)  Biood  Flow 
Redistribution  of  blood  How  in  the  ex¬ 
tremities  in  favor  of  muscles,  as  a  result  of 
the  action  of  vasoactive  substances,  mat 
produce  a  critical  reduction  in  bone  per¬ 
fusion,  particularly  in  the  presence  of  other 
circulatory  impairments.  It  has  been  sug¬ 
gested  that  vasoactive  substances  are  released 
or  activated  as  a  result  of  blood-bubble  inter¬ 
actions  or  through  other  mechanisms. 

",  ii.  i.’.  n 

Frank  m  238  and  Micronuc  i  i  i 
Since  gas  bubbles  appear  to  be  directly  or 
indirectly  involved  in  the  pathophysiologic 
alterations  that  lead  to  bone  necrosis,  con¬ 
ditions  which  favor  bubble  formation  in  the 
bones  could  play  a  primary  role  in  the 
peculiar  bone  susceptibility.  We  have  already 
suggested  that  the  long  half-time  of  the  fatty 
marrow  is  such  a  condition.  Another  in¬ 
triguing  hypothesis5-  deals  with  the  role  of 
uranium  238.  an  isotope  present  in  the  body. 
Formation  of  gas  bubbles  requires  micro¬ 
nuclei.  The  energy  decay  of  U_.;:s  may  result 
in  the  formation  of  micronuclei  which  could 
cause  precipitation  of  gas  bubbles.  The  inter¬ 
esting  aspect  of  this  hypothesis  is  that  this 
isotope  appears  to  be  concentrated  prin¬ 
cipally  at  the  ends  of  the  long  bones  which 
are  the  usual  sites  of  dysbaric  osteonecrosis. 

CoNC  l  USIONS 

Dysbaric  osteonecrosis  appears  to  be  in¬ 
dependent  of  decompression  sickness  but  the 


2  conditions  may  share  etiologic  and  patho¬ 
genetic  factors.  The  incidence  of  bone  necro¬ 
sis  is  influenced  by  the  magnitude  of  pressure, 
number  of  dysbaric  exposures,  decompres¬ 
sion  profile,  and  possibly  by  the  rate  of  com¬ 
pression.  Obesity  is  also  suggested  as  a  pre¬ 
disposing  factor. 

The  etiology  and  pathogenesis  of  dysbaric 
osteonecrosis  are  still  unclear.  Most  authors 
agree  that  the  lesion  is  ischemic.  The  gas 
bubble  plats  a  primarv  role  causing  ischemia 
either  by  direct  vascular  obstruction  or  by 
initiating  a  sequence  of  events  that  lead  to 
circulatory  impairment.  These  events  that 
can  also  he  triggered  by  asymptomatic 
<  "silent" )  bubbles  include  thrombosis,  plate¬ 
let  aggregation,  embolization  by  hubbies, 
lipid  particles  and  other  embolic  material, 
rheologic  changes,  redistribution  of  blood 
flow  and  injury  of  vessels  with  consequent 
arterial  narrowing.  It  is  conceivable  that  sev¬ 
eral  of  these  factors  act  in  concert  or  in  se¬ 
quence.  Nonischemic  mechanisms,  such  as 
gas-induced  osmotic  shift  of  fluids,  hvperoxic 
injury,  ere.,  also  deserve  attention  though 
they  arc  highly  speculative. 

The  peculiar  susceptibility  of  the  bone  to 
necrotic  lesions  may  be  related  to  a  number 
of  conditions.  The  fatty  bone  marrow  is  a 
“slow"  tissue  which  may  remain  super¬ 
saturated  and  cause  formation  of  injurious 
gas  bubbles,  following  decompression  proliles 
that  leave  other  tissues  unaffected.  Gas  bub¬ 
bles  have  more  devastating  effects  in  the  rigid 
confines  of  the  bone  than  in  soft  tissues. 
Uranium  238.  which  is  concentrated  in 
bones,  may  be  responsible  for  the  formation 
of  micronuclei  which  promote  formation  of 
gas  bubbles.  End-arteries  in  certain  parts  of 
the  bone  may  contribute  to  the  vulnerability 
of  the  tissue  to  the  effects  of  vascular 
obstruction. 

There  is  little  doubt  that  most  of  the 
above  statements  represent  only  tentative 
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conclusions.  Main  of  the  ctiologic  and 
pathogenetic  concepts  presented  are  specula¬ 
tive  and  controversial.  There  are  several 
promising  possibilities  which  are  inadequate!) 
explored  and  until  further  research  yield' 
conclusive  evidence,  the  causes  and  patho¬ 
genesis  of  dysbaric  osteonecrosis  will  remain 
a  challenging  enigma. 

SUMMARY 

Dysbaric  osteonecrosis  appears  to  he  inde¬ 
pendent  of  decompression  sickness.  The  2 
conditions,  however,  may  share  ctiologic  and 
pathogenetic  factors.  The  incidence  of  osteo¬ 
necrosis  is  influenced  by  the  number  of 
hyperbaric  exposures,  extent  of  pressure,  de¬ 
compression  profile  and  possibly  by  the  rate 
of  compression  and  degree  of  obesity. 
Though  etiology  and  pathogenesis  are  un¬ 
clear.  osteonecrosis  is  probably  due  to  ische¬ 
mia.  with  gas  bubbles  causing  direct  or  in¬ 
direct  circulatory  impairment.  In  vino  experi¬ 
ments,  as  well  as  human  and  animal  studies, 
suggest  multiple  pathogenetic  mechanisms: 
intraosseous  vessel  compression  by  extra- 
vascular  bubbles;  vessel  obstruction  by  bub¬ 
bles,  fibrin  thrombi,  platelet  aggregates, 
clumped  erythrocytes  or  coalesced  lipids: 
and  narrowing  of  arterial  lumina  bv  bubble- 
induced  myointimal  thickening.  Obstructing 
materials,  w  hether  autochthonous  or  embolic, 
may  result  from  blood-bubble  interface  re¬ 
actions.  Rheologic  changes  and  blood  flow 
redistribution  could  play  contributing  roles. 
It  seems  likely  that  multiple  pathogenetic 
factors  act  in  concert  or  sequentially.  Pro¬ 
posed  nonischemic  changes,  such  as  hyper- 
oxic  injury,  gas-induced  osmosis,  or  auto¬ 
immunity,  lack  sufficient  supporting  evidence. 
The  peculiar  vulnerability  of  bone  may  be 
related  to  gas  supersa!uration  of  the  fatty 
marrow;  sensitivity  to  cxtravascular  gas  pres¬ 
sure  because  of  tissue  rigidity:  poor  vascu¬ 
larization;  and  the  presence  of  uranium  238 
which  promotes  nucleation  and  subsequent 
gas  bubble  formation. 


Cl  nicol  O-thopoed c. 
and  Reloted  Reseo'c*- 


AC  KNOW  I  I  IXiMI  S  1 

I  he  authors’  experimental  work  was  supposed 
b\  the  OtBcc  of  Ni.vjl  Reseat  cii.  Department  of 
the  Navv.  Contract  ~ N0(M)  I  4-75-C  -031  2.  Appre¬ 
ciation  is  extended  to  M  Springer.  Ci  Molcngc  and 

S.  Man  in  for  their  technical  assistance  and  to  C 
(owner  tor  her  secretarial  assistance. 

REFERENCES 

1.  Adams.  Ci.  M.  and  Parker.  Ci.  W.:  I)> shark 
osteonecrosis  in  I  S  Navv  dixers.  A  survev 
of  non -random,  selected  divots.  L’ndersea 
Bionied.  Res.  I  A20.  1 9*4. 

2.  Amako.  I  .  Kawashima.  M.  loiisti.  T  and 
Havashi.  K  :  Rone  and  joint  lesions  in  de¬ 
compression  sickness.  Semin.  Arthritis  Rheum 
4:151.  I ¥74. 

3.  Antopol.  W..  Kalbe.or.  J..  kooperstem.  S 
and  Chr\ ssanthou.  Studies  on  dvsbarism 
I:  Development  of  decompression  sickness  m 
geneticallv  ohese  mice.  Am.  J.  Pathol.  45:115. 
1¥64. 

4.  Behnke.  A.  R..  Jr.:  I  he  isobaric  (oxygen 
window)  principle  of  decompiession.  Trans 
actions  of  the  3rd  Annual  MTS  Conference 
and  Fxhibit.  San  Diego.  Ca..  Marine  Techrol 
oji\  Society.  Washington.  DC..  I  ¥6". 

5.  Behnke.  A  R.:  Decompression  sickness 
advances  and  interpretations.  Aerospace  Med 
42:255.  rri. 

6.  Behnke.  A.  R..  Jr.  and  Jones.  J  P.  Jr  D\s- 
barism-related  osteonecrosis  (Symposium 
Proceedings).  Washington.  D.C.,  US.  Dept.  of 
Health.  Education  and  Welfare.  I ¥74.  page 
25. 

7.  Bond.  R  I  .  Durant.  T  and  Oppenheimer. 
M.  J.:  Hemodynamic  alterations  produced  b\ 
intra-arterial  gas  emboli.  Am.  J.  Physio).  208 
¥X4.  I ¥65. 

8.  Bradley.  M.  D.  and  Vorosmati.  J.:  Hyperbaric 
arthralgia  during  helium-oxygen  dives  front 
100  to  850  fsw.  Undersea  Biomed.  Res.  1:151. 
J  ¥74. 

¥.  Chryssanthou.  C. :  Humoral  factors  in  the 
pathogenesis  of  decompression  sickness.  In 
Blood-bubble  interaction  in  decompression 
sickness.  DC  I  EM  Conference  Proceedings  No. 
73-CP-¥60.  Downsview.  Ontario.  Canada.  De¬ 
fense  and  Civil  Institute  of  Environmental 
Medicine.  1¥73.  page  165. 

10.  Chryssanthou.  C.  P.:  Dysbaric  osteonecrosis 
in  mice.  Undersea  Biomed.  Res.  3:67.  1¥76. 
It.  Chryssanthou.  C\.  kalberer.  J..  Kooperstein. 
S.  and  Antopol.  W. :  Studies  on  Dysbarism  II. 
Influence  of  bradvkinin  and  ”btad\ kinin-an 
(agonists'*  on  decompression  sickness  in  mice. 
Aerospace  Med.  35:741.  I ¥64. 


Ni.mh*r  1 30 

JanuO'y  Feb-tQ  >  l?7g 


f 


Dysbaric  Osteonecrosis  105 


12.  .  1  eichner.  b  .  Goldstein.  Ci  .  kalbeier. 
J  .  Jr.  and  Anlopol.  W  Studies  on  dvsb.insui 
J J I  A  .smooth  muscle- acting:  factor  iSMAl  i 
in  mouse  Junes  and  its  iiKic.t>c  in  decompres¬ 
sion  sickness.  Aerospace  Med.  41:4?.  bro, 

13.  Vordc/er.  (  and  Rubin.  1  Ci.is 
bubble  induced  alterations  of  serum  lipids. 
Asia!.  Space  Fnviron.  Med.  (in  press',  1 4-- 

14.  —  Waskman.  M.  and  koutsoy  i.innis. 
M  Cieneration  of  SMAb  activity  in  blood 
by  gas  bubbles.  Undersea  Riomed.  Res.  I :  \4. 
14-4. 

1 5.  C  olonna.  P  C  .  and  Jones,  b  D.:  Aeroembol¬ 
ism  of  bone  marrow:  experimental  studs. 
Arch.  Surg.  56: 1 61.  1448 

16.  Conti.  V.  and  Sciarli,  R  lesions  osseuses 
che/  le  plongeur  autonome.  Forwursmcdicin 
4:525.  1473. 

1".  Cox.  P.  !’.:  Simulated  caisson  disease  of  bone. 
In  Hesser,  D.  M.  and  I.unnarsson.  D.  teds.). 
Proceedings  of  the  first  annual  scientific  meet 
ing  of  the  Furopean  Undersea  Biomedical 
Society.  Stockholm.  June  13-15.  147.3.  bor- 
varsmedicin  4:520.  14"?. 

18.  Hnd.  F.  :  The  use  of  new  equipment  and  hel¬ 
ium  gas  in  a  world  record  disc.  J  Indus! 
H> g.  20:511.  1438. 

14.  Fernando.  N.  V.  and  Mosul.  H.  /.:  I  he  tine 
structure  of  the  terminal  vascular  bed.  11  l  he 
smallest  arterial  vessels:  terminal  arterioles 
and  metarterioles.  Fxp.  Molee.  Pathol.  3:1. 
1464. 

20.  Ciersh.  I.:  Gas  bubbles  in  bone  and  associated 
structures  of  guinea  pigs  decompressed  rapidlv 
from  high  pressure  atmosphere.  J.  Cell.  Comp. 
Physiol.  26:101.  1445. 

21.  - .  Hawkinson.  Ci.  b.  and  Rathbun. 

b.  N.:  Tissue  and  vascular  bubbles  after  de¬ 
compression  from  high-pressure  atmosphere. 
J.  Cell  C  omp.  Physiol.  26:101.  1444. 

22.  Harvey.  C.  A.:  Decompression  tables  in  re¬ 
lation  to  dysbaric  osteonecrosis.  Dysharism- 
related  osteonecrosis  (Symposium  proceed¬ 
ings).  Washington.  D.C..  U.  S.  Dept,  of 
Health.  Hducation  and  Welfare.  1474.  page 
47. 

23.  Hills.  B.  A.:  Gas-induced  osmosis  as  an 
act iologic  agent  for  gouty  arthritis  and  aseptic 
bone  necrosis  induced  by  exposure  to  com¬ 
pressed  air.  Rev.  Subaqua.  Hvperbar.  Med. 
2:3.  1470. 

24.  - :  Dysharism  -  related  osteonecrosis 

(Symposium  Proceedings).  Washington,  DC  . 
U.  S.  Dept,  of  Health,  Hducation  and  Welfare. 
1474.  page  137. 

25.  Horvath.  F.  and  Vi/kclety.  T.:  Hxperimcnielle 
Untersuchungcn  der  Osteoartikularen  Mani- 


testaiion  der  C  aisun-kiankhcit.  Orthop 
Un!a)l-C 'hit.  -5:28.  14"3. 

26.  Jones.  J  P  .  Jr  and  Sakov  ich.  I  l  a!  cmbaliMii 
of  bone.  A  roentgenogiaphic  and  hi>tt»logic.il 
investigation  with  use  of  intra  arterial  lipiodol 
in  i.ibbits.  J  Bone  Joint  Sure  48  \  144.  |46n 

2'  .  Sakov  ich.  I  .  and  Anderson.  C  |- 

I  )\ sb.msm-iel.tied  osimiicciovh  t  Sv  mpoxium 
Pi  oceedmgs  i .  Washington.  DC  IS  Dept 
o'  Health,  bducation  and  Welfare.  14"4, 
page  I  f 

28.  Kahlstrom.  S.  (  ..  Burton.  C  C  and  Phemis- 
ter.  D.  B  Aseptic  necrosis  of  bone  I  Infau 
tii'n  of  bones  in  caisson  disease  resulting  m 
encapsulated  and  calcified  areas  in  diaphw** 
and  in  arthritis  deformants.  Surg  Gynecol 
Obstet.  68:  124.  1434. 

24.  kawashima.  I..  lorisu.  I  .  Huyashi.  k  and 
kamo.  Y  :  Avascular  bone  necrosis  in 
Japanese  diving  fishermen.  In  Proceedings  ot 
the  2nd  Joint  Meeting  of  the  Panel  of  Diving 
Physiology  and  Icchnologv.  August  24-2-. 
|4~t.  Seattle.  Washington.  United  Slates 
Japan  Cooperative  Program  in  Natural  Re¬ 
sources.  page  80.  14"?. 

30.  kindwall.  I  P  Divers'  aseptic  bone  necrosis. 
hi  Professional  diving  symposium.  New 
Orleans.  Mar.  lechnol.  Soc.  J  -.  36.  1 4" 2 

31.  '  Aseptic  necrosis  due  to  occupational 
exposure  lo  compressed  air:  cspcticncc  with 
62  cases,  fifth  international  In  per 'baric  con¬ 
gress  proceedings.  Burnaby.  Canada.  Simon 
Fraser  University.  14"4.  page  86?. 

—  :  Milwaukee  sewerage  tunnel  project. 

Dv  sbar 'ism-related  osteonecrosis  i  Sv  mposium 
proceedings).  Washington.  DC  ..  U  S.  Dept 
of  Health,  bducation.  and  Welfare.  I4"4.  page 
41. 

33.  Ice.  W.  H.  and  Hauraton.  P:  Structural 
effects  on  blood  protein  at  the  gas-blood  in¬ 
terface.  Fed.  Proc.  30:1615.  1 4-  \_ 

34.  Mackav.  S.  and  Rubissow.  G  Detection  ot 
bubbles  in  tissue  and  blood.  In  Underwater 
Physiology.  New  York  and  1  ondon.  Academic 
Press.  1471. 

35.  McCallum.  R.  1..  W alder.  D.  N..  Barnes.  R  . 
Catto.  M.  b..  Davidson.  J.  k.  liver.  D  1. 
Golding.  b.  U.  and  Piton.  W.  D.  M.:  Bone 
lesions  in  compressed  air  workers.  J.  Bore 
Joint  Surg.  48-B:2(U,  1 4n6. 

36.  Ohta.  Y.  and  Matsun.iga.  H.:  Bone  lesions  in 
divers.  J.  Bone  Joint  Surg.  56B;3.  14"4, 

3’r.  Owens,  (i.  and  Wc>rthington.  M.:  liver  lipid 
as  a  source  of  post  trauma  tic  embolic  fat.  J 
Surg.  Res.  2:283.  1462. 

38.  Paulay.  S.  M.  and  Oockett.  A  T.  k  Role  of 
lipids  in  decompression  sickness.  Aerospace 

Med.  41:56.  pro. 


^  j 


Cl  nicol  Of,hopqed  c*. 
and  Related  Reiea^d- 


106  Chryssanfhou 


l<».  Philp.  K  H.  Inuood.  M  I  .ukI  IV., tun.  K 
A  Intel  actions  between  j:,h  bubbles  .uni 
components  of  the  blood.  implications  in  de¬ 
compression  sickness.  Aerospace  Med  4  3  946. 

40  .  Schacham.  P  and  Ciowdv.  ( 

Involvement  of  platelets  and  micioihiombi  in 
evpeiimental  decompression  sickness  similar¬ 
ities  with  disseminated  intiavasculai  coagul.i- 
turn.  Aerospace  Med  42:494.  19“  l 

4|.  Reeves.  I  .  McKee.  -\  K.  Stunkaul.  J.  A  .  and 
Schilling:.  I*.  VV.  Radiographic  and  pathologic 
studies  for  aseptic  bone  necrosis  in  dogs  in 
cuning  decompression  sickness.  Aciospace 
Med  4^  61 .  |9“2 

42  Semb.  H.  Hffect  of  vasoactive  drugs  on  the 
bone  marrow  blood  flow.  Acta  Orthop.  Scand 
42  It).  |9'i 

4'  Schmid.  I  .  Hartmann.  O  .  Mofsvhei.  \  and 
Hike.  M.  /ur  moglichen  Rolle  der  Hettenv 
bolie  in  der  Puthogenese  der  idiopathischen 
femur  kopfnekrosc.  |()n  the  possible  role  ot 
fat  embolism  in  the  pathogenesis  ot  te moral 
head  necrosis  |  Schweiz  Med.  \Whr.  I < M > : S 2<  1. 
19-0. 

44  Smith,  k.  and  Stegall.  P.  H  xperimentallv  in¬ 
duced  osteonecrosis  in  miniatuie  swine.  I)vs- 
bai  ism-related  i>steonectosis  1  symposium  pio- 
ceedingsi.  Washington.  DC  .  I  S.  Depi  ot 
Health.  Education  and  Welfare.  I9"4.  page 

105. 

45.  Smith,  k.  H  .  Stegall.  P.  J..  Harket.  I  A.  and 
Huang.  I  W  Hemostatic  function  changes 
in  the  pathogenesis  of  decompression  sickness. 
hi  Abstracts  of  papers  presented  at  Undersea 


Medical  Soviet  \  Annual  Scientific  Meeting. 
May  I  Oil.  Washington.  D.(  Undersea 
Hioined  Res  I  ATI.  I9“4 

46  Sobel.  H  Oxygen-modified  collagen  and 
bone  necrosis  in  divers,  l  ancet  2:10)-.  19" 4 

4"  SpeiKci.  M  P.  anil  (  laike.  H  V  Precordi.il 
monitoring  of  pulmonary  gas  embolism  anil 
decompiession  bubbles.  Aerospace  \1ed  4  4 
-62.  I9"2. 

4S  Stegall.  I*  J..  Huang.  I  W  and  Smith,  k.  H 
Pathogenesis  of  Osteonecrosis  as  the  result 
ol  inadequate  decompression  hi  6th  Svmpos 
mm  on  Underwater  Physiology  (Program  and 
Absfiacts  i.  page  4  1 .  1 9*5 

49  .  Huang.  I  W  and  Smith,  k  H  I  In- 

etiology  of  experimentally  induced  osteo 
necrosis.  Undersea  Biomed.  Res.  ^  A 4 < • 
19-6. 

50.  .  Smith,  k  H..  Slichler.  S.  J  .  Huang. 
T.  W.  and  Harker.  I  A  :  Dysbaric  osteo¬ 
necrosis  and  antithrombotic  therapy.  Heb 
Proc.  34  :fT3.  I9"5. 

51.  W alder.  I)  V:  Hxperimentally  induced  osteo¬ 
necrosis  in  animals,  hi  Beckman.  I-.  and 
l.lliolt.  I).  (eds  1  Dysbarism-related  Osleo 
necrosis  (Symposium  Proceedings).  US  Dept 
of  Health.  Iduc.oion  and  Well  ne.  Washing 
ton.  D.(  .  page  113.  1 9"4. 

52.  -  and  I  vans.  A  Decompression  sick 
ness  and  the  uranium  burden.  Spectrum  12" 
9.  |9-5. 

53.  Welfiing.  J..  and  DeSe/e.  S  :  Necrose  vie  U 
tele  hunterale  Nouv.  Presse  Med.  2  311. 
19-3. 


I  njcrse.i  Hionii  iJti  jl  He  \«  art  li  \  .>/  ».  Y.».  J.  June  I  •/  “V> 


IKsliaiir  osteonecrosis  in  mice 
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(  ltr>  sxuiuhou.  (.  I1.  197b.  Dysbarie  i.sKi'nvcrusis  in  nine.  I  mlerse.i  liiomcd.  Rev  3f7r 
b'-X.v  1  he  histoputhvlugy  ol  ilvsburu  osteonecrosis  -i ml  the  intlucnce  •>(  the  number  ol 
exposures.  compression  rule,  .mil  obesity  on  the  ineuleiue  utnl  lutciiiy  ol  r  he  lesnui  weie  studied  in 
4  3.X  miee  ( 25i*5  Nines  were  e\.iimiied>.  I  lie  animals  were  suhieeted  In  75  psic  .nr  pieswire  tor  7-h 
Ilnurs  isinglc  nr  multiple  exposuresi.  Compression  w.ts  r.ipid  01  stage.  Deeompiession  wjs  wl< . 
Osteonecrosis  deieloped  in  the  epiphy  sis  nr  the  lilu.i  .nul  or  lemur  in  '4.  I  ol  obese  jitd  in  ?.H 
ot  I lun  .inimals  aftei  a  latent  period  ol  lo  .it  least  17  months.  It  was  eoneluded  that:  I.  dysbarie 
iisteotieerosis  appears  to  be  independent  oi  deeonipression  sickness;  7.  in  obssc  mice  the  incidence 
is  higher  and  the  latent  period  shorter;  3.  multiple  exposures  result  in  higher  incidence  and  earlier 
lesions  than  single  exposure;  4.  the  incidence  is  lower  with  stage  than  with  rapid  compression.  5. 
the  pathogenesis  ot  osteonecrosis  uu>  involve  sc.er.il  lactors  (circulators  tinpairinent  by 
extravascular  or  intravascular  bubbles,  emboli,  thrombi,  vasoactive  substances,  gas-induced  osmosis, 
autoimmunity  i  acting  in  concert  or  in  sevjucnce. 

dysharism  ischemia  obesity 

bone  osmosis  compression  rate 

bubbles  tat  embolism  repetitive  diving 

histopathology  susceptibility  pathogenesis 

aseptic  bone  necrosis 

Dysbarie  osteonecrosis  has  recently  been  recognized  as  a  majoi  lia/ard  in  individuals 
subjected  to  large  changes  in  ambient  pressure.  The  latest  statistics  leave  little  doubt  that  ibis 
potentially  disabling  disorder  is  alarmingly  widespread  in  divers  and  compressed-air  workers. 
The  incidence  ot  the  disease  determined  in  relatively  extensive  surveys  ranges  from  4'.'  in 
Royal  Navy  divers  (klliott  and  Harrison  1970)  to  50-60'f  in  Japanese  diving  fishermen 
(Kawashima.  Toristi.  Hayashi,  and  Kamo  I97.J;  Oltla  and  Matsunaga  1974).  This  wide 
variation  in  the  incidence  can  be  attributed  to  the  difference  in  the  conditions  of  dysbarie 
exposure.  Certain  factors  such  as  degree  of  pressure,  duration  of  exposure,  rale  of 
decompression,  and  frequency  of  exposure  are  known  to  influence  the  incidence  of  the 
lesion.  The  effect  of  other  factors,  including  rale  of  compression  and  obesity,  remains  lo  be 
assessed.  In  addition  it  remains  to  be  determined  whether  t he  latent  bone  lesions  are 
associated  with  acute  manifestations  of  decompression  sickness.  Such  uncertainties  in  our 
understanding  of  dysbarie  osteonecrosis  reflect  our  ignorance  of  the  etiology  and 
pathogenesis  of  the  disorder. 
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An  animal  model  loi  dxshauc  osiooiuviomn  could  piovule  viiic  answeis  in  these 
impoitanl  cjuestions.  (I  would  enable  one  to  evaluate  the  mrlueiue  ol  \.m«uis  factors  <»n  the 
incidence.  se\eiil>.  and  latenc>  ot  the  lesion  utulei  c»mtiolled  e\pei nnenial  conditions. 
I  mtheunoic.  an  annual  model  could  he  used  toi  studies  on  the  etioloex  and  palingenesis  as 
well  as  on  the  pieventum  and  tieattuent  ot  the  disease. 

Dysharic  osteoneciosts  has  been  e\peiimentall>  pmduced  in  seveul  animal  species 
including  mice  (  Anlopol.  Kalheiet.  K.ooperstein.  and  (  lu\ ssanilum  labhits  1 1 loivath 

and  Vi/keletv  l‘»'?dh  and  miniature  swine  (Smith  and  Steeall  !l>~4)  I  he  mouse  as  a  model 
lot  such  studies  pe units  laiue  scale  e\penments  to  he  conducted  to  ptoude  statistical 
validation.  In  addition,  laijie  numbers  ol  animals  ma\  he  subjected  simiiliane»>iisl\  t < > 
compression/decompression  in  the  same  chambei.  thus  ensmine  expnsuie  to  identical 
environmental  conditions. 

This  report  deals  with  studies  on  the  histopalholoey  ol  d\shaiic  osteonecrosis  in  mice  and 
on  the  influence  of  obesity,  numhei  ol  exposuies.  and  rate  ol  compulsion  on  the  incidence 
and  latency  of  the  lesion. 
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DIVE  PROFILES  FOR  RAPID  AND  STAGE  COMPRESSION 
OF  OPFSI-  AND  THIN  MICE 
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MATERIAL  AND  METHODS 

A  total  ol  580  male  hereditarily  obese  hyperglycemic  mice  and  then  thin  siblings  were 
used.  They  were  obtained  Horn  Jackson  Memorial  l  aboratories,  Bui  Harbor.  Maine.  There 
were  two  weight  ranges  of  obese  animals  38-60  gin  (average  54  grill  and  6l-‘>o  gin  (average 
78  gm).  Thin  mice  weighed  IK-55  gm  (average  24  gin).  All  animals  were  housed  in  metal 
cages  in  animal  rooms  with  controlled  temperature  (72  *  2  I  )  and  relative  humidity  (50' !  I 
and  were  led  Wayne  Lab-Blox  and  water  ad  libitum.  The>  were  kept  under  these  conditions 
for  a  stabilization  period  of  at  least  5  weeks  before  they  were  used. 

The  animals  in  each  weight  range  were  randomly  divided  into  an  experimental  group 
(subjected  to  dysbaric  conditions)  and  a  contiol  group  (kept  at  ambient  pressure).  Prior  to 
the  initiation  ol  the  experiments  both  control  and  experimental  animals  were  numbered  and 
their  corresponding  weights  recorded.  The  experimental  animals  were  subjected  to  75  psig 
(b.l  2  A  r  A )  air  pressure  for  2-b  hours  in  a  hyperbaric  chamber  (Bethlehem  Corporation  Model 
1836  HP)  with  controlled  temperature  (72  ±  2°  F)  and  relative  humidity  (500),  Bottom  time 
lor  thin  mice  w'as  longer  (4-6  hours)  than  for  obese  mice  (2-5  hours).  Figure  I  shows 
the  dive  profiles  employed.  Compression  for  both  obese  and  thin  mice  was  either  rapid  (to 
40  psig  in  50  s.  to  75  psig  in  60  s)  or  stage.  Stage  compression  involved  slops  at  I  5.  50.  45. 
and  60  psig  for  10.  20.  10.  and  20  min  respectively.  Decompression  was  always  stage  with 
stops  at  50.  50.  20.  and  18  psig  for  2.  5.  15.  and  50  min  respectively  for  thin  mice  and  at  50. 
40,  50.  20,  and  10  psig  for  5.  25.  55.  75.  and  120  min  respectively  for  obese  mice.  The 
animals  were  subjected  to  these  conditions  once  (single  exposure)  or  3-8  times  (multiple 
exposures)  at  weekly  intervals.  Upon  reaching  surface  the  animals  were  immediately 
removed  from  the  chamber  and  observed  for  signs  ol'  decompression  sickness  (e.g.  chokes, 
scratching,  twitch)  for  at  least  1  hour. 

The  animals  died  or  were  sacrificed  at  intervals  up  to  17  mo  after  initiation  of  dysbaric 
exposure.  The  bones  of  the  extremities  and.  in  some  animals,  the  sternum  were  removed  and 
fixed  in  1  O' 7  neutral  buffered  formalin  for  at  least  3  days.  Prior  to  fixation  the  soft  tissue 
surrounding  the  bone  was  carefully  trimmed  off.  Following  fixation  the  bones  were 
decalcified  (Omega  Decal  solution)  for  a  minimum  of  24  hours  and  stored  in  800  alcohol 
until  processing  by  autoteclmicon.  The  latter  process  consisted  of  sequentially  treating  the 
specimen  for  I  hour  with  each  I  O'.  - .  ‘>50.  ‘>5'-;.  ‘>50.  4  5 '5.  and  10055  alcohol,  chloroform, 
paraffin  (paraplast).  and  paraffin.  The  specimens  were  then  embedded,  cut  (5-6  micron 
section),  and  stained  with  hematoxylin-eosin. 

Bones  of  animals  that  died  within  24  hours  were  examined  to  observe  acute  histologic 
changes  but  were  not  included  in  the  statistics  of  dysbaric  osteonecrosis.  Also  excluded  from 
the  studies  were  animals  that  were  autoly/ed  or  cannibalized  after  death  as  well  as  those  in 
which  processing  of  tissue  was  unsatisfactory.  Because  of  these  eliminations  the  statistical 
data  of  this  report  are  based  on  438  animals  and  a  total  of  2505  examined  bones  (Table  I ). 

In  the  statistical  analysis  of  the  results,  the  chi  square  lest  with  Yates  correction  was  used 
for  comparison  of  distribution  frequencies  and  the  Pearson's  correlation  coefficient  for 
testing  dependence  of  two  variables. 

RESULTS 

With  the  dive  profiles  used  in  these  studies,  thin  mice  did  not  exhibit  apparent  clinical 
manifestations  of  decompression  sickness  except  for  an  occasional  animal.  In  obese  mice 
signs  of  decompression  sickness  were  observed  in  about  70  of  the  animals.  Mice  which 
developed  decompression  sickness  usually  died  within  24  hours  after  decompression. 
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Histologic  examination  of  lire  hones  of  animals  iliat  died  witlun  48  Inmrs  after 
decompression  revealed  pronounced  hypeiemia  of  the  bone  marrow  with  occasional 
heritor r hayic  loci  (l  it;.  2).  In  addition,  gas  bubbles  were  present  in  the  diaphysis  and 
epiphysis  ol  the  bones,  particularly  in  obese  mice.  The  bubbles  appeared  as  round  01  oval 
clear  spaces  of  varying  si/e.  equaling  in  a  few  instances  the  diameter  of  the  medullary  canal. 
Often  they  were  iitegularly  shaped,  their  smooth  outline  distorted  by  bony  trabeculae 
protrudint:  into  the  bubble  d  ig.  a). 
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I  ig.  3.  Femoral  diaphvsis  of  an  obese  mouse  40  min  after  the  last  of  six  exposures  to 
eompression/deeompression.  The  large  empty  spaces  are  gas  bubbles,  their  spherical  or  oval  shape  being 
distorted  by  bony  trabeculae.  (Ilematoxylin-eosin.  original  magnification  2S.2X.I 


Histologic  evidence  of  osteonecrosis  appeared  after  a  period  of  at  least  2  mo  following  the 
initial  dysbaric  exposure.  The  necrotic  lesion  always  involved  the  spongy  tissue  of  a  part  or 
of  the  entire  epiphysis.  In  early  stages  of  the  lesion,  the  osteocytes  in  epiphyseal  trabeculae 
exhibited  pyknosis  and  karyorrhe.xis  and  the  marrow  cells  showed  indistinct  cellular 
boundaries  and  loss  of  nuclear  staining. 

In  more  advanced  lesions  the  lacunae  in  the  necrotic  trabeculae  were  devoid  of  osteocytes 
and  the  inlet  trabecular  marrow  spaces  contained  amorphous  masses  of  granular  debris  (Fig. 
4)  and  sometimes  fragments  of  necrotic  bone.  Haversian  canals,  whenever  they  could  be 
observed  in  necrotic  areas,  appeared  empty  or  contained  debris  from  disintegrated  tissue. 
Several  microcracks  (fissures)  were  seen  between  lamellae,  usually  extending  to  the  surface 
of  the  trabeculae  (Fig.  5)  and,  in  some  cases,  resulting  in  tissue  fragmentation.  A  few 
microscopic  fissures  were  also  seen  in  control  animals  with  no  evidence  of  osteonecrotic 
lesion,  thus  raising  the  possibility  of  artifacts  or  of  alterations  unrelated  to  dysbaric  exposure 
and  making  the  significance  of  this  finding  questionable. 

In  some  cases  necrotic  epiphyseal  trabeculae  appeared  fractured  and  occasionally  collapse 
of  the  articular  surface  was  observed.  In  other  cases  there  was  erosion  of  the  articular 
cartilage  and  of  the  subjacent  bone  of  the  epiphysis  with  formation  of  concave  defects, 
sometimes  associated  with  epiphyseal  collapse  (Fig.  6).  These  alterations  of  the  articular 
surface  resembled  osteoarthritic  changes  as  reported  by  Sokoloff  ( 1956). 

At  later  stages  fibrovascular  tissue  invaded  intertrabecular  spaces  and  replaced  necrotic 
marrow  (Figs.  7  and  8).  Sometimes  vascular  connective  tissue  showing  evidence  of 
osteoclastic  activity  could  be  seen  surrounding  partially  resorbed  bone  fragments  (Fig.  7). 
Appositional  new  bone  formation  was  observed  in  only  few  cases.  Deposition  of  new  bone 
on  preexisting  necrotic  trabeculae  resulted  in  thickening  of  these  structures.  Figure  8  shows 
new  bone  formation  in  apposition  to  necrotic  bone  tissue  from  which  it  is  sharply 
demarcated.  Figure  8  also  shows  areas  of  hematopoietic  and  adipose  tissue  elements  within 
the  vascular  connective  tissue,  suggesting  reconstitution  of  the  necrotic  marrow. 
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I  ig.  4.  Epiphysis  of  the  proximal  end  of  the  tibia  of  a  thin  mouse.  A.  Control  (not  compressed/ 
decompressed).  B.  5  mo  after  multiple  exposures  to  compression  (rapid)/decompression.  Note  the 
necrotic  trabeculae  with  empty  lacunae  and  microcracks  and  the  intervening  marrow  spaces  containing 
granular  debris.  Normal  bone  marrow  can  be  seen  in  the  lower  portion  of  the  microphotograph, 
(llematoxylin-eosin.  original  magnification  25. 2x.) 


I’ig.  5.  Epiphysis  of  the  proximal 
end  of  the  tibia  of  an  obese  mouse  4 
mo  after  multiple  exposures  to  rapid 
eompression/decompression.  Necro¬ 
tic  trabeculae  exhibit  lacunae  devoid 
of  osteocytes  and  multiple  micro¬ 
cracks  some  of  which  extend  to  the 
trabecular  surface.  The  inlertrabcc- 
ular  spaces  in  the  necrotic  area  con¬ 
tain  amorphous  masses  of  granular 
debris,  (llematoxylin-eosin,  original 
magnification  25. 2x.) 
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l  iii.  t>.  Knee  mint  ol  an  obese 
mouse  4  mo  alter  repeated  exposures 
to  compression  (rapidl/dccomprcs- 
s»‘>n.  I  he  epiphysis  is  collapsed.  I  he 
articular  cartilage  and  the  subjacent 
epiplivseal  bone  arc  eroded  with  tor- 
mat  ion  of  a  concave  defect,  fllenia- 
lo\>  lin-eositi.  original  magnification 
25.2X.1 


I  ig.  7.  Area  in  the  epiplnsis  of  the  proximal  end  ol  the  tibia  ol  an  obese  mouse  M  mo  utter 
hyperbaric  exposure.  Note  fibrous  connective  tissue  surrounding  fragments  of  partially  rosoibed  bone.  A 
few  multinucleuted  osteoclasts  can  be  seen  around  the  necrotic  bone.  (Hemaloxylin-eosin.  original 
magnification  b4x.) 


INC II>I  NCI  AND  LATI  NT  P1R101) 

The  incidence  ol'  dysbaric  osteonecrosis  was  54.  Ir.  in  ohese  and  5.8'?  in  thin  animals 
(Table  2).  Tire  lesion  was  also  seen  in  4  of  4b  control  obese  mice  but  in  none  ol  45  control 
thin  animals.  Definite  osteonecrotie  changes  became  histologically  evident  after  a  period  of 
at  least  2  rr.o  following  the  initial  exposure  to  compression/decompression.  Table  5  shows 
that,  in  a  period  up  to  4  mo  after  exposure,  the  incidence  was  1  2 .9'?  in  ohese  and  O'?  in  thin 
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I  ip.  S.  Area  in  the  epiphysis  of  the  proximal  end  of  the  tibia  of  an  obese  mouse  10  mo  after 
hyperbaric  exposure.  Necrotic  trabeculae  and  subchondral  bone  with  empty  lacunae  are  evident.  New 
apposttional  bone  with  lacunae  containing  viable  osteocytes  is  sharply  demarcated  from  the  adjacent 
necrotic  tissue  (left).  The  vascular  connective  tissue  u’hich  has  replaced  the  necrotic  marrow  contains 
areas  with  hernotopoietic  and  adipose  tissue  elements.  (Hematoxylin-eosin,  original  magnification  64x.) 


mice.  In  animats  that  died  or  were  sacrificed  4  mo  after  exposure  or  later,  however,  the 
incidence  increased  to  47.47!  in  obese  and  to  7.4%  in  thin  mice.  In  fact  there  was  a 
significant  correlation  between  incidence  and  time  period  following  exposure.  Figure  4 
shows  this  correlation  in  obese  mice  subjected  to  a  single  dysbaric  exposure.  These  results 
indicate  that  the  post  exposure  latent  period  varies- ranging  from  2-3  mo  to  at  least  9  mo 
inasmuch  as  the  incidence  of  dysbaric  osteonecrosis  was  higher  in  the  9-12  mo  than  in  the 
6-9  mo  period. 

DISTRIBUTION 

In  most  cases  dysbaric  osteonecrosis  in  mice  was  observed  in  the  epiphysis  of  the 
proximal  end  of  the  tibia  bilaterally  (387!)  or  unilaterally  (627f).  The  femur  was  involved  in 
some  cases,  with  the  lesion  usually  localized  in  the  distal  end.  Osteonecrotic  changes  in  the 
head  of  the  femur  were  seen  only  occasionally.  Table  4  shows  the  distribution  of  the  lesion 
in  the  various  bones. 

INFLUENCE  OF  OBESITY 

There  was  a  striking  difference  in  the  incidence  of  osteonecrosis  between  obese  mice  and 
their  thin  littermates  (Table  5).  Obesity  also  influenced  the  latent  period:  osteonecrotic 
changes  appeared  earlier  in  the  heavier  mice.  In  animals  with  an  average  weight  of  78  gm. 
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TAM  I  2 

Incidence  of  dysharic  osteonecrosis  in  mice 


Compressed 1 

Decompressed 

Cotlliols 

I’mbahiliU 

Obese 

34.r;(54/l5K)* 

8.7%(4/4(t) 

.001 '7’-  .0 

Thin 

5.8' ,<1  1/18*)) 

0‘,  (0/45 ) 

N.S.t 

*(Nu nicer  ot  animals  with  Icsiutis/tnlal  number  ol  animats) 
+  Not  significant 


TABI.F  3 

Incidence  of  dvsharic  osteonecrosis  in  mice  in  the 
early  and  late  periods  following  hyperbaric  exposure 


Type 

0-4  Mo 

4  Mo 

or  more 

Probability 

Obese 

l2.0%(8/62)* 

47.0%(46/0b) 

PC.OOl 

Thin 

o%(0/40) 

7.49f<  I  1/149) 

•(Number  of  animals  with  lesions/total  number  of  animals) 


TABLT  4 


Distribution  of  osteonecrotic  lesions 


Tibia  (/Vox  end) 

80.8% 

(80/04)* 

Femur  (Total) 

15.1',; 

(15/00) 

Femur  (Head) 

3.0% 

(3/00) 

Femur  (Hist,  end) 

12.1% 

(12/00) 

Sternum 

2.0% 

(2/00) 

Humerus  (Dist.  end) 

1.0%, 

(1/00) 

Ilium 

1.0% 

(1/00) 

•(Number  of  specified  bones  with  lesions/total  number  of  bones  with  lesions) 
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20. >  i  ot  (Ilf  lesions  appealed  within  llu'  lust  a  mo  altci  exposinc  (Table  of.  None  of  the 
mice  weighing  >4  pm  01  less  developed  osteonecrosis  dmmg  tins  penod. 

INI  I  II  Ml  Ol  1111  NIMBI  KOI  I  NI’OSl  Rl  S 

Obese  animals  subjected  to  multiple  dy  shanc  exposmes  had  a  significantly  Inehei 
incidence  ol  dysbarie  osteoiieciosis  than  animals  exposed  only  one  time.  In  thin  mice  the 
number  ol  lesions  was  too  small  to  reflect  the  possible  effect  of  the  number  of  exposmes  on 
the  incidence  of  osteonecrosis.  I  he  number  o!  exposmes  also  influenced  the  latent  period. 
In  mice  suhiected  to  multiple  exposmes  liapnl  contptessionl.  lesion  incidence  within  d  mo 
following  initial  exposme  was  J.v In  contrast,  none  of  the  animals  with  a  single  exposuie 
(rapid  compression ) developed  osteonecrosis  within  the  same  peiiod. 

IM  I  l  I  M  l  01  Till  KM  I  Ol  COMI’Rl  SSION 

The  incidence  of  dysbartc  osteonecrosis  m  mice  subjected  to  si  ape  compression,  was 
significantly  lowei  than  lit  animals  exposed  to  mpid  compression.  Table  S  shows  the 
respective  fiequencies  of  lesions  in  obese  and  thin  mice  subjected  to  multiple  exposures  with 
rapid  or  stage  compression. 

INTI  I 'I- NOT  01  VARIOUS  I  A(  TORS  IN  COMBINATION 

In  this  investigation  obesity,  rapid  compression,  and  multiple  exposures  produced  a 
statistically  significant  increase  in  the  incidence  of  dysbarie  osteonecrosis.  The  combined 
effect  of  two  of  these  factors  was  greater  (Iran  that  produced  by  each  of  them  individually 
and  a  combination  of  three  factors  influenced  the  incidence  of  the  lesion  to  a  greater  degtee 
than  any  combination  of  two  factors.  The  effect  of  various  combinations  is  compared  in  Tig. 
10.  Incidence  ol'  osteonecrosis  was  lowest  (ON)  in  thin  mice  subjected  to  stage  compression 
and  highest  in  obese  mice  subjected  to  rapid  compression  and  multiple  exposures. 

Incldenc«(%) 


t  ig.  v).  Correlation  ol  the  ineidenee  of  dysbarie  osteoneerosis  witli  post  -exposure  interval  in  obese  mice 
subjected  to  a  single  compression  (rapid)'docoinpression. 
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TABLL  5 


Influence  of  obesity  on  the  incidence 
of  dysbaric  osteonecrosis  in  mice 

Type 

Average 

weight 

(g) 

Incidence 

Thin 

24 

5.80(1 1/180)* 

Obese 

54 

26.50(15/57) 

Obese 

78 

58.60(56/101) 

*(  Number  of  animals  \\  i(h  lesions/lotal  number  of  animals) 


Probability 


!’<m\ 


TABLt:  6 

Inlluence  of  obesity  on  the  latency 
of  dysbaric  osteonecrosis 


lype 

Average 

weight 

<8> 

Percent  of  animals 
0  -  5  mo 

with  lesions 
>  5  mo 

Probability 

Thm 

24 

0(0/1 1)* 

100(11/11) 

Obese 

54 

0(0/15) 

100(15/15) 

.02</,<.05+ 

Obese 

78 

20.5(8/50) 

76.5(51/50) 

*  (Number  of  animals  with  lesions  ill  period  /total  number  of  animals  with  lesions) 

+  Statistical  probability  of  difference  in  the  latency  between  the  7b-  g  group  and  the  24-  and  54-  g  groups 
combined. 


TABLI  7 

Inlluence  of  the  number  of  hyperbaric  exposures  on 
the  incidence  of  dysbaric  osteonecrosis  in  mice 
subjected  to  rapid  compression 


Type 

Single 

Multiple 

Probability 

exposure 

exposures 

Obese 

28.50(16/67)* 

47.50(27/57) 

,02</’<.05 

Thin 

6.70(6/86) 

50(5/100) 

N.S.t 

♦(Number  of  animals  with  lesions/tolul  number 

of  animals) 

t  Not  significant 
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Influence  ol  1 1 to  rale  of  compression  oil  i he 
incidence  ol  dy sb.n  ic  osleoneciosis  in  mice 
with  iniiltiple  exposures 


Ty  pc 

Rapid 

Stage 

Probability 

compression 

compression 

Obese 

47. .V  (27  57)*- 

23.5' ;<s  34) 

.02'  lK  .05 

Tlnn 

7.1  ;<>  7«) 

O'  -  (0/30) 

N.S.+ 

'(Number  ol  animals  \\ 
f  No!  .significant 

ith  Icsums/iotal  number  < 

)(  jnimais) 

The  effect  ol  obesity  can  be  seen  by  comparing  columns  1.  2.  and  3  with  4.  5.  and  b 
respectively  .  Comparison  of  columns  4  and  (■>  demonstrates  the  effect  of  compression  rate;  of 
columns  5  and  b.  the  effect  of  the  number  of  exposures. 

DISCUSSION 

The  results  presented  indicate  that  dysbaric  osteonecrosis  can  be  experimentally 
produced  in  mice.  Diagnosis  was  made  conservatively.  Morphologic  changes  in  osteocy  tes  or 
bone  marrow  cells,  although  they  may  represent  early  manifestations  of  a  lesion,  did  not 
suffice  by  themselves  to  make  a  diagnosis  of  osteoneciosis.  Nor  did  the  absence  of 
osteocytes  in  lacunae  in  local  areas  constitute  adequate  evidence  of  bone  necrosis  unless  ii 
was  associated  with  oilier  alterations  (e.g.  necrosis  of  bone  marrow,  invasion  by  fibrovascular 
tissue,  appositional  new  bone  formation,  etc.).  It  is  therefore  possible  that  the  incidence  of 
dysbaric  osteonecrosis  has  been  underestimated  because  some  lesions  may  have  been  missed 
either  in  their  early  phases  before  they  were  fully  manifested  or  ai  late  stages  because  of 
almost  perfect  restitution  of  neciotic  tissues:  the  latter,  however,  is  not  very  likely  since 
creeping  substitution  was  seen  only  rarely.  The  fact  thai  reparatoiy  changes  were  infrequent 
is  an  indication  that  in  most  cases  there  was  a  severe  defect  in  blood  supply.  The  high 
incidence  of  lesions  in  the  proximal  end  of  the  tibia  and  the  distal  end  of  the  fenun  may  be 
related  to  circulatory  peculiarities  and  postural  characteristics  of  the  mouse. 

None  of  the  control  thin  mice  developed  bone  necrosis.  The  occurrence  of  lesions  in  four 
of  the  control  obese  mice  could  be  associated  with  the  obesity.  Obesity  and  In  peilipidemia 
have  been  considered  predisposing  factors  in  nondysbaric  aseptic  bone  necrosis  (Conti  and 
Sciarli  ll)73;  Welfling  l‘>73).  Obese  mice  have  a  fatly  liver  and  it  has  been  suggested  that  the 
fatty  liver  is  capable  of  spontaneously  releasing  embolic  fat  globules  into  the  circulation 
(Owens  and  Worthington  1462). 

In  animals  subjected  to  compression/decompression,  obesity  influenced  the  incidence  of 
osteonecrosis  more  than  any  other  factor  studied  in  these  experiments.  It  was  previously 
reported  that  the  degree  of  obesity  in  mice  correlates  with  their  susceptibility  to 
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divomp rcssuiii  sickness  (Antopol  el  al.  These  correlations.  howevei.  do  inn  imply 

iliai  the  delayed  d> shat ic  osteonecrosis  is  associated  with  the  acute  nianilestatiuiis  of 
decompression  sickness.  On  the  contrary,  the  annuals  which  developed  dvshaiic  osteo¬ 
necrosis  did  not  exhibit  signs  of  decoinptession  sickness.  Dvshaiic  osteonecrosis,  ihetelote. 
appeals  to  be  independent  ol  decoinptession  sickness,  al  least  in  mice.  This  obseivalion  is 
consistent  with  the  well-known  tact  that  delayed  bone  lesions  have  been  detected  in  divers 
and  comptessed-air  workeis  who  did  not  manliest  acute  symptoms  and  signs  ol 
decompression  sickness. 

The  increased  susceptibility  ot  obese  mice  to  dysbaric  bone  necrosis  may  be  i elated  to  the 
high  solubility  ot  nitrogen  in  tat  jnd  the  higher  content  ol  tat  in  the  bone  marrow  ot  obese 
animals,  batty  bone  marrow  exchanges  nitrogen  slowly  and  decompression  could  cause  meat 
supersaturation  of  dissolved  gas  in  this  tissue  with  the  potential  ol  generating  gas  bubbles 
over  relatively  long  periods  ol  time.  (>as  bubbles  weie  seen  in  the  diaphyseal  and  epiphyseal 
marrow  ot  obese  mice,  even  alter  a  period  ol  several  davs  following  decompression. 

It  is  tempting  to  apply  the  above  considerations  to  a  possible  explanation  of  the  fact  that 
dysbaric  osteonecrosis  can  be  produced  without  preceding  manifestations  ol  decompression 
sickness.  Sale  decompression  tables  are  considered  adequate  as  long  as  they  prevent 
development  ot  decompression  sickness.  It  is  conceivable,  however,  that  sate  decompression, 
while  keeping  gas-tension  levels  below  those  required  to  produce  acute  manifestations  of 
decompression  sickness,  may  permit  supeisaturation  of  the  long  halt-time  tally  bone  mariovv 
with  subsequent  bubble  lormaiion.  In  addition,  it  is  known  that  gas  bubbles  may  be  present 


INCIDENCE  (%) 

SOT  <6! 


Thin  Thin  Thin  Qb*»*  Obese  Obese 

Slog*  compr  Ropid  compr  Ropid  compr  Stage  compr  Rapid  compr  Rapid  compr 

Multiple  expos.  Single  expo*  Multiple  expot  Multiple  expos  Single  expos  Multiple  expoe 


1  ig.  10.  Influence  of  obesity,  rate  of  compression,  and  number  of  exposures  in  various  combinations 
on  the  incidence  of  dysbaric  osteonecrosis.  I  actors  which  were  shown  to  increase  the  incidence  are 
underlined.  Comparison  of  the  incidences  in  columns  1.2,  and  3  witli  those  in  columns  4,5,  and  6  shows 
the  influence  of  obesity.  The  effect  of  the  rate  of  compression  is  shown  when  columns  4  and  6  are 
compared  and  the  effect  of  the  number  of  exposures  when  columns  5  and  6  arc  compared. 
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ou'ii  .iltoi  1 1  ml  me  .i>\  inpli  <m;il  i«j  devi'inpicssi.iii  (  Hf !  ■  1 1  kc  l‘>o"i  Ihi'sc  .isy  mplom.ilic  gas 
bubbles  tti'IC  Il'll'IK'd  ti*  .IN  "Mlont.  I  1 1 L'  \  l|U\  hi'  sill'll  I  111  ll'llils  .'I  dl'C'  'llipil'ssii  'll 
sickness  bin  not  m  U'MilNi't  d\  nI'.ii k  . nil-. .ncci i »n|n  ll.iiuy  (  |0  -4 1  h.is  si.iivi!  that  "  Hie 
low  toleianci*  ill  hone  lot  mill  cas  supi'isjluiaUi'ti.  Hiav  pii'vipilatc  ik'Vi'f  lJ'l!H1i!l  -  I  li'siiins 
( . 'sieoncci  ot  ic  4  vs  lien  ptevent  day  di-compii-ssion  tables  .in'  t < <1 1 . >\v Cvi  It  this  In  so. 
dci'nmpii'sMon  tables  mas  icijuiic  ii'cakulaltoti  m  coiisidi'ialion  "I  i  hi*  I  *  >  1 1  v;  v  i  liall-mtic 
tissues  and  liic  oviuiii'iko  hi  mIiMh  buhhk-v 

I  \  1 1  ,|V  aviill.lt  a.|v  bubbles  Il'Il'.IM'J  1 1  >  >111  tail)  i'll!  1  It'll  1  V  .11  ilk  *1 ,  'Ill's  Cl  III  III .  VS  II  ll  1 1 1  the 
IICIll  CHlllllll'V  III  I  111'  l  tssi'i  ills  llvvlli'.  I'Vi'M  sill  I  ll'll'lll  pil'VVUll*  ll’  Cl'Ilipil'VV  lllooil  Vessel', 
hniialk  this  would  al  tee  t  I  he  \cims.  w  IiicIi  ate  mmc  siiseept  ihle  to  piessuic.  thus  u'sultuig  m 
slasiv.  Iliis  is  c i ' 1 1 s i s 1 1* i n  with  the  Its pi'ii'ima  ami  IteiitiH i haeie  loci  ohscivi'il  in  the  hone 
inaiiow  ol  animals  that  sliest  within  4H  Ihhiis  allot  ik'Conipii'ssnm.  I  hose  cticulatoiy 
allt'ialnms  could  pioduco  ariovia  which  in  mm  could  pu'cipitato  nociotic  hone  chances, 
l  iiculaloiv  unpaimiont  ami  ischemia  could  also  he  caused  In  ai  tonal  ohsitucliun  produced 
in  mu  as  asc  nl  a  i  huhhlos.  It  has  hoen  lepoilcd.  Itowosoi.  that  only  a  small  percentage  ol 
vessels  ii'mams  blocked  allot  gas  emhoh/atimi  ( Dull  I *<54 1  and  attenal  an  embolism  tailed 
to  ptodiice  bone  mtaictioii  ( kal list  i out  1'i.M  i. 

I'hese  speculations  should  not  limit  pathogenetic  coiistdeiat ions  to  the  direct  et t eels  ot 
gas  bubbles.  (  neulating  nittogett  bubbles  could  tngget  a  chain  ol  secondary  events  including 
aggtegation  ol  platelets  and  cry thioev  tes.  coalescence  ol  unstable  lipids  and  changes  in  the 
coagulation  mechanism.  Anyone  ot  these  altei atiutts  might  lestilt  in  vasculat  obstiuction  and 
attovia  in  the  bones.  I  at  einboh/.uion  could  also  icsiilt  liom  Jtst uptiott  ol  tatty  tissue  b\ 
expanding  gas  bubbles.  1  vpeiitnentjl  pioduciioit  ol  aseptic  bone  neciosis  by  lat  embo- 
li/atioti  iollowmg  inttaaoilic  oil  miusion  was  recent f\  tepoiteJ  by  Julies.  Sakoviclt.  ami 
\ndeisoti  (I'J’4).  The  possible  implication  ol  lat  emboli/ainm  m  the  pathogenesis  ot 
Jy  shade  osteonecrosis  merits  luilhei  evploialton.  flic  hypothesis  that  einboll/ation  may  be 
involved  in  the  mechanism  ot  dysbaric  osteonectosts  is  further  sttppotted  by  the  obseivatton 
that  introduction  ol  artificial  emboli  (glass  heads)  into  the  common  iliac  at  lory  of  rabbits 
produced  femoral  osleonecrotic  lesions  (Waldet  1474).  Regaiding  the  possible  role  ot' 
thrombotic  material,  it  should  he  mentioned  that  administration  of  anticoagulants  and 
platelet  inhibitors  in  animals  did  not  prevent  development  ol  dysbaric  osteonecrosis  (Smith 
and  Stegall  1474). 

Blood-gas  interlace  phenomena  can  icsiilt  not  only  in  platelet  and  lipid  changes  but  also 
in  the  release  or  activation  of  vasoactive  substances  (Chryssantltou  I (> 7.4 :  C’hrv ssanthou. 
Waskman.  and  Koutsoyiannis  1  ‘>74 ).  It  is  of  interest  in  this  respect  that  intrarterial 
administration  of  vasodilator  substances  causes  a  redistribution  of  blood  How  in  the  limb  by 
increasing  the  flow  through  the  muscles  at  the  expense  of  that  through  the  bone  marrow 
(Semb  1071 ).  This  decrease  of  blood  flow  could  render  the  hone  more  vulnerable  to 
extravascular  or  intravascular  factors  that  cause  ischemia. 

In  all  of  the  above  postulated  mechanisms,  the  protagonist  is  the  gas  bubble,  which 
directly  or  indirectly  causes  circulatory  impairment.  Alternatively  there  is  the  possibility 
that  factors  other  than,  or  in  addition  to  gas  bubble-related  events  may  play  a  role  in  the 
pathogenesis  of  dysbaric  osteonecrosis.  Il  has  been  suggested  that  gas-concent  ration 
gradients  resulting  from  rapid  pressure  changes  can  produce  osmotic  changes  and  fluid  shifts 
that  could  contribute  to  the  production  of  hone  lesions  (Mills  I ‘>70 ).  Consequently  the  rate 
of  compression  becomes  a  factor  that  may  influence  the  development  of  bone  changes. 
Supporting  this  hypothesis  is  our  finding  that,  with  rapid  compression,  the  incidence  of 
dysbaric  osteonecrosis  is  higher  than  with  stage  compression.  It  has  also  been  reported  that 
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the  severity  and  frequency  .it  hvpeibaitc  aitlualgia  jic  icdtued  tn  divem  Mibtcitcd  tn  %hm 
comptession  lutes  and  that  gus-induccd  usiiiumn  ix  implicated  m  this  phcumnciimi  iBudlcv 
and  Voiosnuiti  Anolhet  speeulaliun  mi  the  pathogenc-ax  n|  dvxhjiu  o-«tcuiic«.i  "M' 

implicates  alien’d  immunity  and  d>  spiotcmcmij.  I  Ins  h>  poilicsis  nl  an  .ml •  nnutiune  pnwcxx 
is  based  on  the  latency  ot  hone  lesions  and  mi  the  ohseivalton  ot  uuile.iux  tminalion. 
attiv loidosts.  and  long  delated  mcmbi,nioiis  glume; ulitts  in  some  annuals  with  dvd'aiic 
osteonecrosis  (Antopol  et  al.  l'K'4)  Changes  induced  In  high  I’d,,  which  m  tuin  mas 
influence  development  ot  osteonecrosis  k  still  aimthei  lactm  that  nients  soiisideiation. 

it  is  evident  lioni  the  toiegomg  discussion  that  the  mechanism  o|  dysbaik  osieoneciosis 
Is  still  undent.  I  he  satiotis  concepts  dial  have  been  ptesenled  involve  sevvial  dtveise 
pathogenetic  lactois  which  can  he  Mimiu.m/ed  as  toll.-ws 

I  hactors  causing  cticulatory  inipaiinient  a  estias.iscul.u  piessuie  le  g  in  gt.wvmg  cas 
bubbles >1  /'.  sasculai  ohstiuction  In  emholi  (eg  tat.  g.i'  bubbles •  (  sas.ulai 
ohstiuction  by  lliioniholis  mateuul  (e  g.  libiin.  pialeletsl.  ,/  sa-khlatoi  substances 
causing  decteased  hlood  llow  in  hones. 

2.  factors  not  associated  with  blockade  ol  blood  supply  e.o  induced  osmotic  slutt  ot 
lluids;  /'.  autoimmunity  and  dy sprotetnetuia 

I  uttliet  expeumentation  and  additional  clinical  and  cpulcmtolnjual  studies  ,ue  needed 
betoie  the  relative  impoi lance  ot  the  postulated  pathogenetic  lastom  .an  be  .tsNCssOcl  It  In 
reasonable  at  this  imictute.  however,  to  pioposc  that  the  pathogenesis  ot  dysbartc 
osieoneciosis  involves  several  ol  the  above  mentioned  lactois  acting  in  conceit  ot  in 
sequence. 

Ihe  findings  of  ihe  present  study  leg.nduig  the  latency  in  the  development  ol  hone 
necrosis  and  the  influence  ol  multiple  dvshanc  evpnsuies  ate  consistent  with  well-known 
observations  on  human  subjects.  The  tntluence  ol  obesity  and  ot  the  t a t e  ot  comptesston  on 
the  incidence  of  the  disease  in  man  has  not  vet  been  established  Although  the  tesults  ol  the 
present  investigation  indicating  an  increased  incidence  ol  dvshanc  osieoneciosis  tn  obese  and 
in  rapidly  compressed  animals  must  be  extrapolated  with  caution,  thev  should  dtaw 
attention  to  the  possible  tolc  ot  these  lactois  in  the  development  ot  the  lesion  in  humans. 

CONCLUSIONS 

1.  Dysbartc  osteoneeiosis  can  be  experimentally  ptoduccd  ttt  mice,  pat ticulailv .  m  obese 
strains. 

2.  There  is  a  latent  period  ranging  Iron)  2  to  mo  ot  possible  mme. 

a.  In  obese  mice  the  incidence  is  gieater  and  the  latent  pettod  shorter  than  in  thin 
siblings. 

4.  With  multiple  exposures,  the  incidence  is  higher  and  the  latent  period  shorter  than 
vv  it h  single  exposure. 

5.  With  stage  compression,  the  incidence  is  lower  than  with  rapid  compression. 

b.  Dysbartc  osteonecrosis  in  mice  appears  to  be  independent  of  decompression  sickness. 

7.  Tbe  pathogenesis  of  dysbarie  osteonecrosis  may  involve  several  initiating  and 

contributing  factors  that  act  in  concert  or  in  sequence. 
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Molenge.  and  S.  Marrin  for  their  technical  assistance,  and  to  Towner  for  her  secretarial  assistance. 
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Chr\  •vsanthou,  (  .  P.  1976.  Ostcunov rose  dysbarique  die/  la  >uuris  l  tulersca  Biomed.  Rev  3(2) 
67-83.  I ’histopathologic  dc  I'ostconcerosc  d\sbariquc  cl  I’milucncc  du  nomhre  d’cvpoMtions,  dc 
la  Vitesse  dc  compression  et  dc  1’obesJtc  stir  la  frequence  cl  la  latencc  dcs  lesions  out  etc  ctudiccs 
die/  438  souris  (2.205  os  examines),  l.cs  animaux  out  suhi  dcs  pressions  dc  75  psig  pendant  2-6 
heures  (expositions  uniques  ou  multiples).  La  compression  a  etc  suit  rapidc.  soil  par  paliers;  la 
decompression  a  etc  sans  danger,  A  pres  une  periode  dc  latencc  dc  2-12  mors.  34.1  dcs  souris 
oheses  et  5,8*7  dcs  souris  maigres  avaicnt  dcvcloppc  unc  osteonecrose  cpiplnsarrc  ubialc  ou 
lemorale.  Les  conclusions  suivantes  s’imposcnl  I.  Tosiconccrost*  apparail  indcpcndcntc  dc  la 
maladic  de  la  decompression;  2.  la  frequence  dc  I’osteonccrosc  augmente,  ct  la  periode  de  latencc 
se  raccoureit  che/  les  souris  obeses;  3.  la  frequence  dc  I’osteonccrosc  augincntc  ct  la  periode  dc 
latencc  se  raccoureit  apres  des  expositions  multiples;  4.  la  frequence  reste  plus  rcstreintc  avec  unc 
compression  par  paliers;  5.  la  palhogenese  dc  I’osteonecrosc  pcul  impliqucr  plusicurs  faeteurs  (gene 
circulatoirc  due  aux  bulk's  intra-  ou  c.xtravascularrcs,  embolics.  thromboses,  substances  vasoactives, 
osmose  ga/cusc.  autoimiminite)  qui  agissent  ensemble  ou  en  sequence. 
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Chi) '.sail thou,  C.,  M.  Springer,  and  S.  Lipschitz.  1977.  Blood-brain  and  blood  lung  barrier 
alteration  by  dysbaric  exposure.  Undersea  Biomcd.  Res.  4(2):  117-129.  -Failure  of  certain  cir¬ 
culating  substances  to  penetrate  specific  organs  led  to  the  concept  of  blood-organ  barriers.  Such 
barriers  can  be  altered  by  various  physical  or  chemical  means.  This  report  concerns  modification  of 
the  blood -burin  battier  (BBB)  and  blood-lung  barrier  (HUB)  by  dysbaric  exposure.  Trypan  blue  was 
intravenously  administered  to  19  experimental  rabbits  (subjected  to  compression-decompression) 
and  to  11  controls  (Kept  at  ambient  pressure).  Gross  and  microscopic  examination  and  mea¬ 
surements  of  dye  extracted  from  tissues  revealed  greater  dye  penetration  into  lung  and  brain  of  the 
experimental  animals.  Dye  concentration  in  brain  was  1 2. ]0pg/g  tissue  in  experimental  and  2.93  pg 
in  control  animals;  in  lungs  it  was  935  pg  and  434  pg,  respectively  (0.01  >  P  0.001).  Increased 
permeability  of  BBB  and  BLB  was  associated  with  intravascular  bubbles  The  mechanism  of  BBB 
and  BI.B  alteration  may  involve  chemical  agents  activated  by  gas  blood  interface  or  vascular  injury 
produced  by  bubbles.  These  observations  could  have  pathogenetic  implications  in  decompression 
sickness  and  may  suggest  new  methods  for  facilitating  penetration  of  therapeutic  agents  into  the 
brain. 


blood-organ  barriers 
trypan  blue 
rabbits 
permeability 


compression-decompression 
intravascular  bubbles 
decompression  sickness 
pathogenesis 


After  Goldman  (1913)  demonstrated  the  peculiar  impermeability  of  the  brain  to  trypan  blue 
at  the  turn  of  the  century,  the  concept  of  barriers  was  advanced  to  explain  the  observation  that 
certain  circulating  substances  fail  to  penetrate  specific  organs  or  tissues.  The  presence  of  the 
so-called  blood-brain  barrier  (BOB)  has  been  long  established.  The  relative  impermeability  of 
other  organs  or  tissues  to  certain  drugs,  vital  dyes,  colloids  and  other  substances  led  to  the 
postulation  of  bar  riers  which  separate  blood  from  the  fetal  side  of  the  placenta,  the  testis,  the 
interior  of  the  eye,  etc.  The  existence  of  a  blood-lung  barrier  (BLB)  was  proposed  to  account 
for  the  failure  of  this  organ  to  stain  by  intravenously  administered  chlorophyllin,  trypan  blue, 
and  tetrazolium  salts  (Chryssanthou  and  Antopol  1961;  Chryssanthou  and  Antopol  1963). 

The  permeability  of  blood-organ  barriers  can  be  altered  by  various  chemical  and  physical 
means.  Venoms,  allergic  agents,  bacterial  products,  bile  salts,  artificially  induced  seizures, 
X-irradiation  and  gas  embolization  have  been  reported  to  alter  the  BBB  (Bouton  1940; 
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Bjcrncr,  Broman,  and  Swensson  1944;  Bioinan  and  Lindberg  Broman  .1945;  Broman  1949; 
Clemente  and  Holst  1954;  Eckman,  King,  and  Brunson  1958;  Johansson’ 1975)  and  bradykinin 
and  bacterial  endotoxins  wcie  shown  to  increase  permeability  of  the  BI.B  (Chi  yssanthou  and 
Antopol  1961;  Chryssanthou  and  Antopol  1963). 

The  present  study  is,  to  our  knowledge,  the  first  report  concerning  alterations  of  the  BBB 
and  BLB  induced  by  exposure  to  dysbaric  conditions. 

MATERIALS 

Albino  female  rabbits  weighing  3-4  kg  were  employed.  They  were  housed  in  metal  cages  in 
animal  rooms  with  controlled  temperature  (65°-68°  F)  and  relative  humidity  (50 %)  and  were 
fed  Purina  Rabbit  Chow  and  water  ad  libitum.  The  animals  were  kept  under  these  conditions 
for  a  stabilization  period  of  at  least  two  weeks  before  they  were  used. 

A  hyperbaric  chamber  (Bethlehem  Corporation,  Model  1835  HP)  with  controlled  tempera¬ 
ture  and  relative  humidity  was  utilized.  The  chamber  was  pressurized  with  air  (dry  air  cylin¬ 
ders,  Matheson  Company,  Inc.).  Solutions  of  1000  u/inl  sodium  heparin  (Upjohn  Company) 
and  of  2%  trypan  blue  (K  and  K  Laboratories,  Inc.)  in  sterile  normal  saline  were  prepared  for 
intravenous  injections.  The  extractant  (for  trypan  blue  extraction  from  tissues  or  blood)  con¬ 
sisted  of  four  volumes  of  95%  ethanol  and  one  volume  of  17%  benzafkonium  chloride  (Zephi- 
ran,  City  Chemical  Corp.) 


METHODS 

The  animals  were  numbered,  weighed,  and  randomly  divided  into  an  experimental  (sub¬ 
jected  to  compression-decompression)  and  a  control  group  (kept  at  ambient  pressure).  Both 
control  and  experimental  animals  received  an  intravenous  injection  (marginal  ear  vein)  of 
trypan  blue  solution  (4  ml/kg).  The  experimental  animals  were  injected  within  4  min  after 
decompression  to  sea  level.  They  were  then  observed  for  clinical  manifestations  of  decom¬ 
pression  sickness  until  they  died  or  were  killed.  The  animals  which  died  within  75  min  after 
decompression  were  not  included  in  these  studies.  Those  which  survived  for  more  than  90  min 
postdecompression  were  killed  by  intravenous  administration  of  sodium  nembutal.  Control 
animals  were  killed  at  intervals  corresponding  to  those  of  the  experimental  animals.  Just  prior 
to  killing,  or  when  death  appeared  imminent  in  the  experimental  group,  all  animals  received  an 
intravenous  injection  of  heparin  solution  (I  m l/kg)  to  maintain  liquidity  of  the  blood  and  permit 
perfusion  of  tissues.  Prior  to  heparin  administration  a  blood  sample  was  obtained  for  dye 
concentration  determination.  Immediately  after  death  the  animals  were  autopsied  and  the 
degree  of  gross  staining  of  the  lungs  and  brain  recorded.  The  animals  were  also  inspected  for 
the  presence  of  gas  bubbles  in  tissues  or  in  blood  vessels.  The  lungs  w  ere  perfused  w  ith  normal 
saline.  Representative  portions  oflung  and  brain  Were  fixed  in  formalin  for  histologic  process¬ 
ing.  Tissue  sections  (5-/xm  thick)  stained  with  hematoxylin-eosin,  light  eosin,  and  unstained 
preparations  were  subjected  to  light  and  phase  microscopy.  The  extent  of  trypan  blue  pene¬ 
tration  into  tissues  was  graded.  The  remaining  lung  and  brain  tissue  was  frozen  for  dye 
extraction  at  a  later  time.  The  data  were  statistically  evaluated  (Student’s  /-test). 


Hyperbaric  exposure 

The  experimental  animals  were  subjected,  one  at  a  time,  to  90  psig  (202.5  fsw)  air  pressure 
for  12  min  and  then  decompressed  to  sea  level  in  23  min.  Figure  I  shows  the  dive  profile 


C  HANGE  OF  BLOOD  ORGAN  BARRIER  BY  DYSBAKIC  EXTOSURE  1  19 

DIVE  PROFILE 

FSW  PS  16 


TIME  (MINUTES) 

Fig.  1.  Compression-decompression  schedule  used  for  experimental  group  of  rabbits. 


employed.  This  exposure  produced  decompression  sickness  wiih  paraplegia  in  one  third  of  the 
animals. 

Gross  and  microscopic  grading  of  tissue  staining 

The  degree  of  tissue  staining  was  graded  grossly  from  1  +  to  4+  according  to  the  intensity 
and  extent  of  staining  and  microscopically  from  1+  to  3+  on  the  basis  of  frequency  of  fields 
revealing  the  presence  of  dye  in  tissue  and  intensity  of  staining.  The  grading  was  done  blindly 
by  two  observers. 

Perfusion  of  lungs 

The  lungs  of  both  control  and  experimental  animals  were  perfused  w  ith  normal  saline  (under 
25  mmHg)  by  means  of  a  catheter  inserted  into  the  pulmonary  artery.  Perfusion  continued 
until  the  outflow  of  the  perfusate  was  clear. 

Determination  of  dye  concentration 

Trypan  blue  was  extracted  from  tissues  or  from  plasma  samples  by  a  method  modified  from 
Caster  (Caster,  Simon,  and  Armstrong  1953;  Caster,  Simon,  and  Armstrong  1954).  Frozen 
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tissues  were  thawed,  minced  and  homogenized  with  distilled  water-  The  homogenate  (or 
plasma  sample)  was  freeze  dried  and  then  pulverized  with  a  mortar  and  pestle  to  a  fine 
powder.  Ihc  powder  was  mixed  with  the  extractant  (I  g/10  ml)  and  shaken  for  1  min.  ’Die 
mixture  was  centrifuged  for  3  min  and  the  clear-colored  supernatant  collected.  Tin’s  procedure 
was  repeated  until  the  final  extract  contained  less  than  5%  of  the  total  dye  extracted.  Usually 
this  required  4  to  5  sequential  extractions.  The  collected  supernatants  were  read  in  a  spec¬ 
trophotometer  against  the  extractant.  To  correct  for  interference  by  other  colored  material 
extracted  from  tissue  or  plasma,  the  following  procedure  was  used.  The  optical  density  of  the 
extracts  was  measured  at  400  nm  and  575  nm.  rhesc  wavelengths  represent  the  maxima  in  the 
absorbance  curves  of  dye-free  tissue  and  trypan  blue,  respectively.  The  ratio  of  the  absorb¬ 
ance  at  400  nm  and  575  nm  is  constant  regardless  of  concentration.  Collection  for  interfering 
substances  was  made  by  algebraic  calculations.  The  standard  consisted  of  the  dye  alone 
dissolved  in  the  extractant.  A  plot  of  trypan  blue  concentration  against  optical  density  read¬ 
ings  was  found  to  be  linear  over  the  range  of  concentrations  measured.  The  concentration  of 
the  dye  was  expressed  as  pg  of  dyc/g  dry  weight  of  tissue  or  ml  of  btood. 

Dye  levels  in  plasma 

Since  diffusion  is  involved  in  the  penetration  of  dyes  from  plasma  to  the  tissues,  it  is 
important  to  know  the  level  of  dye  in  the  circulating  blood.  In  preliminary  experiments  dye 
concentrations  in  plasma  were  determined  at  various  intervals  following  intravenous  adminis¬ 
tration  of  2%  trypan  blue  solution  {4  ml/kg).  Figure  2  shows  the  mean  plasma  levels  of  trypan 
blue  from  5  to  180  min  after  dye  injection.  It  can  be  seen  that  the  curve  flattens  75  min  after  dye 
administration  and  remains  practically  horizontal  at  the  level  of  about  230  pg/ml.  Since  there 
was  little  variation  between  individual  dye  concentration  curves,  it  was  assumed  that  animals 
which  died  or’ were  killed  at  least  75  min  after  dye  injection  had  approximately  equal  concen¬ 
trations  of  circulating  dye.  This  was  confirmed  in  several  experimental  and  control  animals  by 
determining  dye  concentration  in  blood  samples  obtained  just  prior  to  death. 


RESULTS 

Clinical  manifestations 

Seven  of  21  animals  subjected  to  dysbaric  conditions  developed  decompression  sickness. 
The  disease  was  manifested  by  paralysis  of  the  hind  legs,  twitching,  and  severe  respiratory 
distress  with  panting  and  gasping.  Two  of  the  animals  which  suffered  decompression  sickness 
died  a  few  minutes  after  decompression  and  consequently  were  excluded  from  the  study. 


Gross  and  microscopic  examination 
Lungs 

On  gross  examination  the  lungs  of  all  experimental  animals  appeared  stained.  In  53%  of  the 
animals  the  staining  was  intense,  with  a  patchy  or  diffuse  distribution.  In  the  control  group  the 
lungs  were  stained  in  82%  of  the  animals,  but  the  staining  was  usually  focal  and  weak.  Only 
one  control  animal  (9%)  exhibited  intense  staining.  Figure  3  shows  the  gross  appearance  of 
experimental  and  control  lungs.  Microscopic  examination  of  unstained  preparations  of  exper- 


.  F'g  3-  1  .ung  from  rabbit  subjected  to  compression-decompression  (A)  showing  diffuse  and  intense 

staining.  In  contrast,  corresponding  control  lung  (B)  appears  practically  unstained.  (Issperimental  and 
control  animals  in  this  figure  and  in  following  microphotographs  have  been  injected  with  same  amount  of 
dye  and  killed  after  same  interval  following  dye  injection.) 
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invcntal  In tcvc.dcd  diffuse  moderate  si. tilling  of  the  aiveol.tr  sepia,  vascular  wall  and 
perivascular  and  peiibronchial  tissue  with  foci  of  intense  dye  convcnriation  (Tigs.  4  and  5). 
1  bese  focal  accumulations  of  dye  consisted  of  either  small,  diffusely  stained,  blue  patches  or 
of  aggregates  of  dye  granules.  In  the  alveolar  septa  it  was  difficult  to  dciciminc  whether  the 
dye  granules  were  in  capillaries,  in  the  inlet stitial  tissue,  or  in  pnvutnocytes.  D)e  granules 
were  also  seen  within  seveial  alveolar  maciophages.  Mictoscopically ,  conttol  lungs  showed 
no  evidence  of  dye  extravasation  (Fig.  4).  except  in  one  ease,  fable  1  picsenls  the  tlcgtee  of 
staining  on  gioss  and  microscopic  examination  of  indis  idti.il  control  and  expel  i mental  animals. 


Bruin 

Grossly,  the  eerebiat  hemispheres  of  the  txpei  imental  gionp  exhibited  patchy  areas  of  light 
staining  in  84'’!  of  the  animals.  Only  one  (9ri)  of  the  eontiol  brains  was  stained.  Microscop¬ 
ically,  in  unstained  preparations  the  ccicbral  paienehyma  of  several  expeii/ncnl.i!  animals 
appealed  light  blue  with  intensely  stained  vessels  and  focal  accumulation  of  dy  e  granules  in 
the  perivascular  tissue  (Fig.  6).  1  .ocali/aliou  c'f  dye  was  possible  in  prcp.ii ations  stained  lightly 
with  eosin  and  in  unstained  preparations  examined  ssith  light  and  phase  contrast  optics. 
Microscopic  examination  of  control  biains  did  not  reveal  the  ptesenee  of  dye  (l'ig.  6)  except  in 
one  animal.  Table  2  shows  (he  degiec  of  gross  and  mieioseopic  staining  in  individual  animals. 

Dye  concentration  in  tissues 

The  mean  dye  concentrations  in  the  lungs  and  brain  of  controls  and  of  animals  subjected  to 
dysbaric  conditions  are  shown  in  Table  3.  The  differences  in  the  mean  value  between  control 


Fig.  4.  Tung  from  a  rabbit  subjected  to  compicssion  decompression  (A)  exhibiting  diffuse  moderate 
staining  of  alveolar  septa  with  focal  concentrations  of  dye  and  intensely  stained  vascular  w  alls  (mows). 
Compare  with  coi  responding  control  (B)  showing  absence  of  dye  from  alveolar  and  vascular  wall  (arrow). 
(Unstained  prcpaiation,  original  magnification  x  2M>.) 
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Fig.  5.  Deeply  stained  vascular  wall  in  lung  of  experimental  animal  (A)  stands  in  contrast  to  the 
unstained  vessel  in  corresponding  control  lung  (B).  (Unstained  preparation,  original  magnification  x  160.) 


Fig.  6.  White  matter  from  cerebrum  of  an  animal  subjected  to  compression-decompression  (A)  exhibit¬ 
ing  diffuse  moderate  staining  of  parenchyma  and  intensely  stained  vessel.  Corresponding  control  (B) 
show  ing  absence  of  dye  in  parenchyma  and  vessel.  (Unstained  preparation,  original  magnification  x 
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TABLE  1 

Degree  of  staining  in  lung 


Compressed  - 


Decompicssed 

Controls 

Animal  No. 

Gross 

Micro 

Animal  No. 

Gross 

Micro 

299 

4  4  4  +} 

4  4  4 

962 

4  4  4 

- 

946 

4  +  +  4 

* 

300 

4-  4 

4 

939 

+  4-  4 

4  4 

941 

4  4 

- 

929 

4  4  4 

4 

943 

4-  4 

- 

935 

4  +  4 

4 

947 

4  4 

• 

940 

4  4  4 

4 

986 

4  4 

- 

932 

4  4  4 

* 

292 

4 

- 

938 

4  +  4 

• 

942 

4 

- 

952 

4  4  + 

* 

944 

4 

- 

979 

4  4  4 

• 

287 

- 

- 

945 

4  4 

4  44 

291 

- 

- 

298 

4  4 

4  + 

937 

4  4 

4  + 

934 

4  4 

4 

936 

4  + 

4 

954 

4  4 

4 

981 

4  4 

4 

989 

4  4 

* 

933 

4 

4 

§See  text  for  grading  method;  *  tissue  was  not  subjected  to  microscopic  examination. 


and  experimental  animals  are  significant  at  high  levels  of  confidence.  The  distribution  of 
individual  dye  concentration  can  be  seen  in  Fig.  7.  The  same  figure  correlates  the  level  of  dye 
concentration  with  the  presence  of  grossly  visible  intravascular  gas  bubbles  and  with  decom¬ 
pression  sickness.  In  all  cases  of  decompression  sickness  there  were  grossly  visible  intravas¬ 
cular  gas  bubbles.  However,  their  presence  was  not  always  associated  with  clinical  manifesta¬ 
tions  of  the  disease.  There  was  some  overlap  between  control  and  experimental  dye  concen¬ 
trations  in  both  lungs  and  brain.  It  should  be  noted,  however,  that  none  of  the  experimental 
animals  with  dye  concentration  values  in  the  control  range  exhibited  intravascular  bubbles. 
The  presence  of  bubbles  in  blood  vessels  was  always  associated  with  high  concentration  of 
dye  in  the  brain  and  lungs.  Furthermore,  all  animals  which  manifested  decompression  sickness 
had  high  dye  concentrations  but  the  reverse  was  not  always  true. 


DISCUSSION 

'  Permeability  of  blood-organ  barriers  is  not  an  “all-or-none"  phenomenon.  Most  substances, 
including  vital  dyes,  penetrate  these  barriers,  though  sometimes  slightly  or  slowly.  Therefore, 
barrier  permeability  to  a  substance  should  be  quantitated  and  preferably  expressed  in  terms  of 
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TABLE  2 

Degiee  of  staining  in  brain 


Compressed 


Decompressed 

Controls 

Animal  No. 

Gross 

Micro 

Animal  No. 

Gross 

Micro 

951 

+  f  +  § 

+  + 

941 

+ 

4- 

940 

+  + 

+  + 

287 

- 

- 

945 

+  + 

+  + 

289 

- 

- 

298 

+  + 

+ 

292 

- 

- 

937 

4-  4- 

+ 

300 

- 

- 

938 

+  + 

+ 

942 

- 

- 

939 

+  + 

943 

- 

- 

946 

+  + 

- 

944 

- 

- 

929 

4- 

+ 

947 

- 

- 

935 

+ 

+ 

962 

- 

- 

952 

+ 

+ 

989 

- 

- 

981 

+ 

4- 

933 

4- 

- 

934 

4- 

- 

989 

+ 

- 

299 

4- 

• 

954 

— 

4- 

979 

- 

- 

932 

- 

♦ 

§See  text  for  grading  method;  ’tissue  was  not  subjected  to  microscopic  examination. 


TABLE  3 

Concentration  of  dye  in  tissue 


Compressed- 

Tissue 

Decompressed 

Control 

Significance 

Lung 

935  i  128* 

434  ±  66 

0  001  <P  <0.01 

Brain 

12.1  *  1.95 

2.95  ±  0.63 

0  001  <P  <0.01 

Values  arc  meg/g  dry  tissue;  'mean  *  SEM;  significant  by  Student's  t- test  for  small  samples  of  unpaired 
observations. 
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DYE  CONCENTRATIONS  IN  TISSUE 


LUNG 

BRAIN 

me,  COMPRESSED-  „ 

DECOMPRESSED  C0HTR0L 

1>C9  compressed- 
'9  decompressed 

0  d 

-2000 

40 

• 

1750 

35 

o  d 

• 

1500  o  d 

30 

o 

o 

-1250 

25 

0  ^  | 

0 

o  d 

-1000  . 

20  o 

o 

© 

750  o  d  * 

•  • 

"5 

• 

• 

• 

V  9 

::  : 

-.0 

o  ,  4 

o  o  d  d 

•  A 

• 

250 

5  *  S 

1 

•  • 

~tfr 

•  • 

Fig.  7.  Dye  concentrations  in  lungs  and  brain  of  experimental  and  control  animals.  Note  that  in 
experimental  animals  with  intravascular  gas  bubbles  (o)  dye  concentrations  are  higher  than  in  animals  with 
bubble-free  vessels  (•).  Horizontal  bars  represent  mean  values  and  (d)  indicates  animals  which  suffered 
decompression  sickness. 


rate  of  penetration.  Comparison  of  barrier  permeability  to  a  circulating  dye  under  different 
conditions  is  meaningful  only  when  concentrations  of  the  dye  in  tissue  and  plasma  are  deter¬ 
mined  and  temporal  parameters  evaluated. 

In  the  present  study  transgression  of  trypan  blue  through  the  BBB  and  BLB  w  as  quantitated 
in  both  control  and  experimental  animals  at  a  time  when  all  animals  had  approximately  equal 
plasma  levels  of  trypan  blue. 

The  results  of  gross  and  microscopic  examination  and  dye  concentration  determinations 
show  that  a  significantly  greater  amount  of  dye  penetrated  the  barriers  in  experimental  animals 
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than  in  controls.  Ibis  indicates  that  dysbaric  cxpo-unc  im.rc.iscd  the  HU H  and  BI.B  pijinc.ibil- 
ity  to  it  ypan  Hue.  * 

Ronton  (19-10)  obscivcd  as  early  as  1910  (hat  (he  brain  appear  s  truss)}  stained  following;  air 
embolization  and  Rromatt  (19-49)  showed  disliubam.es  in  ceiebrovasetilar  peuneability  result¬ 
ing  fn>m  either  air  or  fat  embolism.  It  is  not  certain  whether  in  our  experiments  battier 
alterations  were  caused  by  gas  ot  other  emboli.  There  was.  however,  a  definite  correlation 
between  grossly  sisiblc  intiavascular  gas  bubbles  and  increased  dye  concentrations  in  lung 
and  brain.  All  animals  which  manifested  decompression  sickness  exhibited  increased  hairier 
permeability  but  alteration  of  bat  tiers  was  not  always  associated  with  decompression  sick¬ 
ness.  These  observations  suggest  that  gas  bubbles  can  cause  changes  in  barrier  pel  rncability 
even  in  the  absence  of  clinical  manifestations  of  decompression  richness.  — 

The  exact  mechanism  by  which  dysbaric  exposure  alteis  barrier  permeability  is  obscure. 
Hypoxia  caused  by  cmobli/ation  or  other  circulatory  disturbances  is  not  a  likely  pathogenetic 
factor  since  it  has  been  shown  that  anoxic  states  of  several  hours’  duration  have  no  dele  lei  ious 
effects  on  cerebrovascular  permeability  to  l/yp.m  blue  (Rroman  1949).  In  our  experiments 
anoxia,  if  present,  could  not  have  lasted  for  more  than  one  hour.  Furthermore,  changes  of  the 
BHB  have  been  icpoited  within  a  few  seconds  following  intracarotid  injection  of  air.  oxygen, 
or  carbon  dioxide  (Johansson  1975).  One  could  also  discount  possible  effects  of  vasodilation  or 
changes  in  blotxl  pH  and  osmotic  pressure  since  even  extreme  variations  in  these  parameters 
failed  to  alter  harrier  permeability  (Rioman  1949).  It  seems  more  likely  that  gas  bubbles  cause 
direct  mechanical  injury  erf  blood  vessels  c»r  that  vascular  permeability  is  altered  by  the  action 
of  chemical  agents  released  or  activated  in  the  course  of  reactions  initiated  by  blood  bubble 
interface  activity  (C'luyssanthou  1973;  Hallenbeck,  Rove,  and  Klliot  1973;  Chryssanthou 
1974b).  Smooth  muscle  activating  factor  (SMAF),  which  was  shown  to  be  activated  by  gas 
bubbles  (Chryssanthou  1974a).  inct cases  vascular  permeability  (Chr)  xv.inthou,  Tcichncr, 
Goldstein.  Kalbcter,  and  Antopol  1970).  and  bradykinin.  which  has  been  implicated  in  decom¬ 
pression  sickness  and  could  be  activated  by  gas  bubbles  (Chr  y  ssanthou,  Tcichncr,  Goldstein, 
and  Antopol  1973;  Hallenbeck  et  a).  1973;  Chryssanthou  1974b),  has  been  reported  to  alter  the 
BI.B(Chr)  ssanthou  and  Antopol  1963).  It  is  also  conceivable  that  protein  denaturation  at  the 
blood-bubble  interface  may  result  in  release  of  protein-hound  dye,  thus  increasing  plasma 
concentration  of  free  dye. 

All  these  postulated  mechanisms  implicate  gas  bubbles.  It  is  still  possible  that  the  observed 
correlation  between  intravascular  gas  bubbles  and  barrier  alteration  has  no  pathogenetic  sig¬ 
nificance  and  that  changes  in  permeability  are  caused  by  other  factors  related  to  compicssion 
or  decompression. 

In  discussing  mechanisms  of  barrier  alteration,  one  should  have  the  anatomical  and  func¬ 
tional  characteristics  of  the  barriers  in  mind.  The  BBB  is  generally  believed  to  be  related  to  the 
tight  interendothclial  junctions  and  the  virtual  absence  of  pinoeytotic  vesicles  from  brain 
capillaries  (Oldendorf  1974).  The  nature  of  the  BI.B,  on  the  other  hand,  is  still  unclear.  It  is 
therefore  possible  that  alterations  of  the  BBB  and  BLB  involve  different  mechanisms. 

Changes  in  the  permeability  of  BBB  and  BI.B  may  have  pathogenetic  implications  in  de¬ 
compression  sickness.  It  has  already  been  emphasized  that  all  animals  which  suffered  decom¬ 
pression  sickness  exhibited  increase  in  barrier  permeability.  Metabolites,  released  or  activ  ated 
humoral  agents,  and  other  plasma  components  which  normally  do  not  penetrate  the  BBB  and 
BI.B  may,  under  dysbaric  conditions,  gain  access  to  the  brain  or  lung  and  cause  pathologic 
changes.  Parenthetically,  it  can  be  noted  that  the  observed  dysbaric  alterations  of  the  BBB 
may  suggest  new  methods  for  administering  chemotherapeutic  agents,  antibiotics  or  ncuroac- 
tive  drugs  which  under  normal  conditions  do  not  penetrate  the  BBB. 
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Chryssanthou,  C.,  M.  Springer,  and  S.  Lipschitz.  1977.  Alteration  de  la  bairiere  hemato- 
cnccphaliquc  cl  hemalopulmonaire  par  I’cxposition  dysbarique.  Undersea  Biomed.  Res.  4(2): 
1 17-129. —  La  constatation  que  certaines  des  substances  circul antes  nc  rcussissent  pas  a  penetrer 
dans  certaines  organcs  est  a  1'origine  du  concept  dcs  barricres  hemato-organiques.  Ces  barrieics  sc 
Inissent  altcrcr  par  dcs  moyens  physiques  ou  chimiqties.  Nous  rapportons  la  modification  de  la 
bairiere  heinafoencephaliquc  et  de  la  bairiere  hemalopulmonaire  par  Tcxposition  dysbariqtie.  Dcs 
injections  intraveneuses  de  bleu  trypan  ont  cle  administrecs  a  19  lapins  “experimentaux**  (qui  ont 
subi  la  compression  decompression)  et  a  11  animaux  temoins,  qu’on  a  gardes  a  la  piession  am- 
bianie.  Les  examens  anatomiques  ct  microscopiqucs,  ainsi  que  la  determination  du  taux  de  colo¬ 
rant  extrail  des  tissus,  ont  mis  en  evidence  une  plus  grande  penetration  du  colorant  dans  les 
ponmons  et  les  cerveaux  des  animaux  experimentaux.  La  concentration  cerebrale  en  ctait  12,10 
/ig/g  tissu  chcz  les  experimentaux,  ct  2,93  pg/g  chez  les  temoins;  la  concentration  pulmonairc  en 
ctait  935  pg/g  ct  434  pg/g,  respectivemcnt  (0,01  >  P  0,001).  I,a  permeabiiite  augmenfec  des  bar- 
rieres  hcmato-cncephaliques  et  pulmonaires  est  associee  aux  buf/es  inCravascuhi/res.  Le 
mccanisme  de  Taltcration  dcs  bairieres  peut  impliquer  des  agents  chimiques  actives  par  Tinlcrface 
gaz  sang  ou  dcs  lesions  vasculaircs  dues  aux  bulles.  Ces  observations  peuvent  contribuer  a  1‘eluci- 
dation  de  la  pathogenie  de  la  maladie  de  decompression,  et  suggerer  de  nouvclles  methodes  pour 
faciliter  la  penetration  des  agents  therapeutiques  dans  le  ccrveau. 


barricres  hemato-organiques 

bleu  trypan 

lapins 

peimcabiliie 

compression-decompression 
bulles  intravasculaires 

maladie  de  decompression 
pathogenie 
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Chry  ssanthou.  C\.  B.  Gruber.  S.  Mendelson.  and  Ci.  Goldstein  1979.  Increased  blood-brain  barrier 
permeahilit\  to  tetracycline  in  rabbits  under  dysbaric  conditions.  I’ndersea  Biomed.  Res  b 1 4 >: 
319-328. —  Alteration  of  the  blood-brain  barrier  (BBB)  by  dvsbaric  exposure  may  have  relevance 
in  se  veral  areas  of  hyperbaric  medicine.  Drugs  administered  to  persons  exposed  to  dy  sbaric  condi¬ 
tions.  e.g.,  divers.  compressed  air  workers,  may  penetrate  the  brain  in  amounts  that  could  produce 
toxic  or  undesirable  effects.  Modification  of  the  BBB  may  also  have  pathogene'ic  implications  in 
decompression  sickness.  Fuithermore.  increased  BBB  pernieabihfy  to  ccna/n  potentially  useful 
antitumoi  agents,  antibiotics,  and  other  compounds  under  dysbaric  conditions  may  provide  the 
basis  for  a  new  therapeutic  approach.  This  report  concerns  the  influence  ol  dysbaric  exposure  on 
BBB  permeability  to  an  antibiotic.  letracyclme  (5-40  mg  kg)  was  intravenously  injected  in  22 
experimental  rabbits  (subjected  to  air  compression-decompression!  and  I"  controls  < kept  at  am 
bient  pressure;.  Fluorescence  microscopy  and  spectrometry  revealed  significantly  greatei  tetracy¬ 
cline  concentrations  in  72.7';  of  the  experimental  brains.  With  the  5  mg  kg  dose,  the  mean  tetracy¬ 
cline  concentration  was  0.17  ^.gg  in  control  brains  and  0.33  /xgg  in  experimental.  These  results 
indicate  that  dysbaric  exposure  increases  BBB  permeability  to  tetracycline.  If  appears  I  hat  BBB 
alteration  is  related  to  intravascular  gas  bubbles  but  is  independent  of  the  development  of  decom¬ 
pression  sickness.  The  conclusions  of  this  investigation  are  pertinent  to  brain  pharmacotherapy  and 
may  provide  some  new  insight  into  the  mechanism  of  decompression  sickness.  They  also  point  to 
potential  risks  connected  with  drug  administration  under  dysbaric  conditions  that  can  alter  BBB 
permeability. 


blood-brain  barrier 

barrier  alteration 

increased  brain  permeability 

tetracycline 

brain  pharmacotherapy 

drug  risks  under  dvsbaric  conditions 


compression-decompression 
decompression  sickness 
intravascular  gas  bubbles 
rabbits 

dysbaric  exposure 


The  permeability  of  the  blood-brain  barrier  (BBB)  to  vital  dyes  was  shown  to  increase  as  a 
result  of  exposure  to  compression-decompression  (Chryssanthou.  Springer,  and  l.ipschit/ 
1977)  and  air  embolization  (Johansson  1975 1.  The  significance  of  this  observation  and  its 
relevance  to  hyperbaric  medicine  is  threefold. 

I  A  variety  of  drugs,  and  particularly  those  with  low  lipid  solubility  or  a  high  degree  of 
»■  .>  >/  ,n.*n  do  not  . :  .1  j  1\  the  BBB  |\pi"-,,!i  5  <»  eoinp»  t.  s  v  ton  deconi  pi  essiou 
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may.  however,  by  increasing  barrier  permeability,  allow  larger  amounts  of  the  drug  to 
enter  the  brain  and  produce  toxic  or  undesirable  effects.  Therefore,  the  possibility  of 
BBB  modification  under  dysbaric  conditions  should  be  an  important  consideration  in  the 
pharmacotherapy  of  divers  and  compressed  air  workers. 

2.  Changes  in  the  BBB  may  have  pathogenetic  implications  in  decompression  sickness  and 
other  dysbaric  disorders. 

3.  Alteration  of  the  BBB  by  dysbaric  exposure  may  suggest  new  methods  for  therapeutic  or 
diagnostic  administration  of  compounds  that,  under  normal  conditions,  do  not  penetrate 
the  BBB  or  do  so  to  a  very  limited  extent. 

The  present  communication  deals  w  ith  the  effect  of  dysbaric  exposure  on  the  permeability 
of  the  BBB  to  tetracycline.  This  antibiotic  w  as  selected  because  appropriate  light  stimulation 
causes  fluorescence,  which  enables  easy  detection  on  gross  and  microscopic  examination  and 
measurement  by  fluorescence  spectroscopy. 


MATERIALS  AND  METHODS 

Thirty-nine  albino  female  rabbits  weighing  2.5  to  5.0  kg  were  used.  They  were  kept  in  metal 
cages  in  a  separate  animal  room  with  controlled  temperature  (65°— 68°F)  and  relative  humidity 
(50 r/f)  and  fed  Purina  Rabbit  Chow  and  water  nj  libitum.  The  animals  were  used  experi¬ 
mentally  after  a  stabilization  period  of  2-3  weeks.  They  were  then  weighed,  numbered,  and 
randomly  divided  into  an  experimental  and  a  control  group.  Both  groups  received  tetracycline 
HCI  injected  into  the  marginal  ear  vein.  Tetracycline  doses  of  5.  10.  20.  and  40  mg  kg  body 
weight  were  administered  to  8.  5.  4.  and  5  experimental  animals  and  to  6.  4.  3.  and  4  controls, 
respectively.  The  experimental  animals  received  the  tetracycline  injection  immediately  after 
exposure  to  dysbaric  conditions.  They  were  then  observed  for  clinical  manifestations  of  de¬ 
compression  sickness  until  they  died  or  until  they  were  killed  by  sodium  nembutal  administra¬ 
tion  90  min  after  the  tetracycline  injection.  Control  animals  kept  at  ambient  pressure  were 
killed  after  the  same  post-tetracycline  interval  as  that  of  the  corresponding  experimental 
rabbits.  Because  of  space  limitations  in  the  hyperbaric  chamber,  these  experiments  were 
conducted  in  16  runs,  with  I  or  2  experimental  and  I  or  2  control  animals  in  each  run. 

All  animals  were  autopsied  immediately  after  death.  Blood  vessels  and  tissues  were 
examined  for  gas  bubbles.  The  brain  was  inspected  under  ultraviolet  light  for  possible  sites  of 
tetracycline  fluorescence.  Representative  sections  of  the  brain  were  taken  for  microscopic 
examination,  and  the  remaining  tissue  was  frozen  to  be  used  for  extraction  and  spec- 
trophotometric  quantitation  of  tetracycline  at  a  later  time.  The  gross  and  microscopic  findings 
and  the  results  of  the  spectrophotometric  determinations  of  tetracycline  concentrations  in 
control  and  experimental  animals  were  compared  and  checked  for  possible  correlation  with 
intravascular  gas  bubbles  or  signs  of  decompression  sickness. 

Dysbaric  exposure 

The  animals  of  the  experimental  group  ( 1  or  2  at  a  time)  were  placed  in  a  hyperbaric  chamber 
(Bethlehem  Corp..  Model  1835  HP)  with  controlled  temperature  (68°-72°F)  and  relative 
humidity  <509f )  and  subjected  to  a  dive  profile  previously  described  (Chryssanthou  el  al.  1977) 
d  ig.  I). 
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Fig.  I.  Compression-decompression  schedule  used  for  experimental  group  of  rabbits. 


Fluorescence  microscop> 

Representative  samples  from  various  parts  of  the  brain  were  obtained  and  unstained  IVo/ctt 
sections  were  examined  by  a  Zeiss  photomicroscope  under  ultraviolet  belli  using  IKi-12  or 
L'C i-2  e\ei ting  fillers  and  BG-22  or  OG-5  hairier  filters.  The  sections  were  fixed  in  absolute 
alcohol  and  mounted  in  glycerine.  Under  these  conditions,  tetracycline  emits  a  golden-'  ellow 
fluorescence.  K valuation  of  the  degree  of  tetracycline  penetration  was  done  blindly  by  two 
observers  by  grading  the  sections  from  0  to  2  •  on  the  basis  of  the  intensity  and  extent  of 
fluorescence. 

Extraction  and  chemical  determination  of  tetracycline 

Tetracyclines  form  highly  fluorescent  complexes  with  divalent  metal  ions  and  barbiturates. 
These  can  be  extracted  from  aqueous  medium  with  various  organic  solvents  and  read  in  a 
fluorescence  spectrometer  <  Kohn  1961).  After  removal  of  sections  lor  microscopic  examina¬ 
tion.  the  remainder  of  the  brain  tissue  w  as  immediately  frozen  until  ready  to  be  extracted.  At 
that  time  the  tissue  was  thawed  and  homogenized.  A  weighed  amount  of  ground  tissue  was 
extracted  by  shaking  with  0.1  N  MCI  at  5  C  for  I  It.  After  centrifugation,  an  aliquot  of  the 
supernatant  was  dcproleini/cd.  Sodium  barbital  and  calcium  chloride  were  added,  and  the 
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mixture  extracted  with  ethyl  acetate.  The  etlrx  I  acetate  layer  was  withdrawn  and  read  at  an 
excitation  wavelength  of  ''Ml  nm  and  a  fluorescence  wavelength  of  520  inn.  The  instrument 
used  was  a  Perkin-Elmer  fluorescence  Spectrometer  204.  Comparison  was  made  against 
standards  prepared  from  tetracycline  hydrochloride. 

Statistical  evaluation 

The  results  of  chemical  determinations  were  evaluated  hy  Student's  r-test  and  those  of  the 
microscopic  grading  by  the  chi-square  test. 

RESULTS 

Clinical  manifestations 

fight  of  the  22  animals  that  were  subjected  to  compression-decompression  exhibited  signs 
of  decompression  sickness,  including  paralysis  of  the  hind  legs  and  respiratory  manifestations 
w  ith  panting  and  gasping.  Six  of  these  animals  died,  their  death  was  in  most  cases  preceded  by 
severe  respiratory  distress  and  convulsions.  Table  I  lists  the  clinical  observations  in  relation  to 
the  degree  of  increased  permeability  of  the  blood-brain  barrier. 


TABLE  1 

Blood-Brain  Barrier  Pi  rmk  abii  ii  y  Increase  and  Manih  si  VI  ions 
or  Decompression  Sickness 


Animals 

With 

Animals  Without 

Decompression  Sickness 

Decompression  Sickness 

Signs*  of 

Animal 

EC 

Decompression 

Animal 

KC 

No. 

Ratio 

Sickness 

No. 

Ratio 

9 

2.14 

PCD 

21 

6.60 

30 

2.00 

P 

8 

3.07 

4 

1.73 

RCD 

39 

2.37 

7 

1.67 

RPD 

40 

2.04 

3 

1.67 

PCD 

23 

1.58 

19 

1.65 

RCD 

37 

1.30 

5 

1.53 

CD 

25 

1.22 

18 

0.96 

R 

13 

1.17 

36 

1.13 

34 

0.78 

29 

0.78 

15 

0.70 

32 

0.67 

27 

0.30 

Mean±sEM 

** 

1.67+0. 12 

1.90+0.47 

E/C  ratio 
plegial:  R  = 

=  ratio  of  tetracycline  concentration.  Experimental/Control:  */’  -  paralysis 
respiratory  distress:  C  =  convulsions.  D  -  death:  **P  -0.09  (nsi. 

(usually  para- 
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Fig.  2.  Cerebrum  from  a  rabbit  that  received  tetracycline  (4(1  mg  kg)  intravenously  after  exposure  to 
dysbaric  conditions.  Bright  fluorescent  foci  (tetracycline)  are  present  in  frontal  and  temporal  lobes. 


Gross  examination 

Appreciable  fluorescence  under  ultraviolet  light  was  only  observed  in  the  brain  of  a  feu 
animals  subjected  to  dysbaric  conditions.  Some  of  these  brains  exhibited  foci  of  intense 
golden-yellow  fluorescence  (Fig.  2).  In  the  control  animals,  fluorescence  in  the  brain  was  seen 
only  in  an  occasional  animal  and  was  faint  anil  diffuse.  In  general,  however,  there  were  no 
significant  differences  in  gross  fluorescence  between  experimental  and  control  animals.  In¬ 
travascular  gas  bubbles,  particularly  in  the  vena  cava  and  the  right  side  of  the  heart,  were  seen 
in  most  of  the  experimental  animals.  In  many  of  them  gas  bubbles  could  also  be  detected  in  the 
arterial  system. 

Microscopic  examination 

Microscopic  examination  of  unstained  frozen  sections  of  brain  tissue  revealed  detectable 
fluoresceni  foci  in  all  of  the  experimental  animals  but  only  in  a  few  of  the  controls.  Further¬ 
more.  the  intensity  of  fluorescence  in  brains  of  animals  exposed  to  dysbaric  conditions  was 
significantly  greater  than  in  controls  (Fig.  3).  Fluorescence  was  assumed  to  be  due  to  tetracy¬ 
cline.  since  the  excitation  light  and  the  filters  used  produced  the  expected  color  characteristics. 
Fluorescent  foci  varied  in  size  and  brightness  and  usuallv  appeared  as  clusters  dispersed  m 
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Fig.  3.  Section  from  cerebral  cortex  of  a  rabbit  subjected  to  dysbaric  conditions  and  (A)  exhibiting 
clusters  of  intensely  fluorescent  foci  (tetracycline):  in  contrast,  corresponding  section  from  a  control 
animal  (B)  kept  at  ambient  pressure  shows  faint  diffuse  auto-fluorescence  and  only  a  few  scattered 
fluorescent  foci.  Both  control  and  experimental  animals  were  intravenously  injected  with  same  dose  of 
tetracycline  (5  mg/kgl  and  were  killed  at  same  interval  after  injection.  (Unstained  frozen  section,  original 
magnification  v  64). 


several  areas  of  the  cerebrum  (Fig.  .3).  They  were  also  seen  in  the  wall  of  vessels  and  in  the 
perivascular  tissue  (Fig.  4).  Table  2  summarizes  the  grading  of  fluorescence  in  the  brain  of 
individual  control  and  experimental  animals  injected  w  ith  5  mg  kg  tetracycline. 

Extraction  and  fluorescent  spectrometry  of  tetracycline 

Table  2  shows  the  concentration  of  tetracycline  in  the  brain  of  individual  experimental  and 
control  animals  after  intravenous  administration  of  5  mg/kg  tetracycline.  It  is  evident  that  in 
the  experimental  group,  tetracycline  levels  are  higher  than  in  controls,  with  statistically  signif¬ 
icant  differences.  The  table  also  shows  positive  correlation  between  tetracycline  concentra¬ 
tions  determined  by  fluorescence  spectroscopy  and  the  degree  of  tetracycline  fluorescence 
determined  microscopically.  Figure  5  presents  the  mean  concentrations  of  tetracycline  in  the 
brains  of  control  and  experimental  animals  after  different  intravenous  doses  of  tetracycline.  It 
is  again  apparent  that,  in  animals  subjected  to  compression-decompression,  tetracycline  pene¬ 
trated  the  BBB  to  a  greater  degree  than  it  did  in  controls.  Table  1  presents  the  magnitude  of 
BBB  permeability  alteration  in  each  experimental  animal  in  terms  of  the  ratio  of  brain  tetracy¬ 
cline  concentration  in  the  experimental  animal  over  the  concentration  in  the  corresponding 
control  t  K/C  ratio).  It  can  be  seen  that  in  72.7rr  (lb/22)  of  the  animals,  exposure  to  dysbaric 
conditions  resulted  in  increased  BBB  permeability  ( K/C’  ratio  higher  than  I).  This  effect  is 
statistically  significant,  with  a  probability  of  0.02  /’  •  0.05.  The  table  also  compares  the  K  C 
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Fig.  4.  Cerebral  cortex  from  a  rabbit  that  receiveu  tetracycline  (5  mg/kg)  intravenously  after  dysbaric 
exposure.  (Auto-fluorescence  of  clastica  outlines  a  portion  of  a  cerebral  vessel.!  Bright  fluorescent  foci 
(tetracycline!  can  be  seen  in  wall  of  vessel  (ai  and  in  perivascular  tissue  (bl. 


TABLE  2 


Dm 

iRI.I-  Ot  Pi  Nl  1  RA  t  ION 

Ol  Bl  ood-Br AIN  Bxrriir 

BY  Tl  1  RAO  Cl 

INI  <5  MCI  Kill 

Experimental 

Control 

Chemical 

Chemical 

Rabbit 

Fluorescence  Determination. 

Rabbit 

Fluorescence 

Determination. 

No. 

Microscopy* 

Mg/g  tissue 

No. 

Microscopy* 

Mg  g  tissue 

3 

3- 

0.35 

16 

1  + 

0.23 

8 

2  + 

0.43 

I 

1  + 

0.21 

9 

2  + 

0.30 

6 

0 

0.15 

7 

2  + 

0.25 

12 

0 

0.15 

5 

2  + 

0.23 

10 

0 

0.14 

15 

2  + 

0.16 

14 

0 

0.12 

13 

2  + 

0.14 

4 

1  -s 

0.26 

Mean** 

2.00 

0,33 

0.27 

0.17 

±SHM 

2  0. 19 

2:0.2  1 

i  0.03 

2  0.01 

*  Graded  0  to  .1  >  ;  **0.02  •  /'  0.0? . 
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TETRACYCLINE  DOSE  (mg/k j) 

Fig.  5.  FtTect  of  a  dysbarie  exposure  on  permeability  of  BBB  to  tetracycline  after  intravenous  tet¬ 
racycline  administration  at  various  dose  levels.  Fleight  of  columns  represents  mean  concentration  of 
tetracycline  in  brain,  and  vertical  lines  represent  srst. 


ratios  between  animals  that  manifested  signs  of  decompression  sickness  and  those  that  did 
not.  There  was  no  significant  correlation  between  BBB  alteration  and  signs  of  the  disease 
i /'  0.09).  CM  the  lb  animals  in  which  exposure  to  compression-decompression  caused  in¬ 

creased  BBB  permeability.  7  developed  clinical  signs  bin  9  did  not. 

DISCUSSION 


The  results  of  this  investigation  suggest  that  d\  sbaric  exposure  can  increase  the  permeabil¬ 
ity  of  the  blood-brain  barrier  to  tetracycline.  The  findings  are  consistent  with  previous  reports 
that  dysbarie  exposure  and  air  embolization  increase  BBB  permeability  to  intravenously  in¬ 
jected  vital  dyes  (Johansson  1975;  Cbryssanthou  et  al.  1977).  The  data  presented  in  Table  I 
indicate  that  7  out  of  S  animals  that  manifested  signs  of  decompression  sickness  exhibited 
appreciable  increases  in  BBB  permeability  On  the  other  hand,  the  data  show  that  the  BBB 
was  altered  by  dysbarie  exposure  also  in  animals  that  did  not  develop  decompression  sickness. 
More  than  half  of  the  animals  in  which  BBB  permeability  increased  did  not  exhibit  any  clinical 
manifestations.  In  fact,  the  three  animals  that  exhibited  the  greatest  alteration  of  the  BBB 
(highest  fc  C  ratio)  were  entirely  asymptomatic. 

These  observations  may  be  pertinent  and  significant  in  several  areas.  An  important  aspect  of 
the  possible  dysbarie  alteration  of  the  BBB  is  the  potential  danger  of  toxic  or  undesirable 
effects  of  medication  received  by  persons  exposed  to  significant  changes  of  atmospheric 
pressure,  e.g.,  divers,  compressed  air  workers.  It  is  important  to  be  aware  of  the  possibility 
that,  because  of  barrier  modification,  certain  drugs  administered  to  subjects  under  dysbarie 
conditions  may  enter  the  brain  at  undesirably  high  levels.  In  addition  to  possible  health 
hazards,  increased  permeability  of  the  BBB  to  certain  drugs  may  result  in  sedative  or  excita¬ 
tory  effects,  in  impaired  perception  or  judgment,  or  in  behavioral  changes.  Such  effects  could 
interfere  with  the  subject's  performance  or  even  jeopardize  his  safety. 
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Modification  of  I  he  HHli  by  dysku'ic  condition-.  m.iv  ,iko  piovidc  lieu  niMglit  ml.'  ihe 
mcchaniMn  of  decompression  sickness  Humoi.il  agents  or  eellular  (actors  with  potenti.il 
contra!  elfeets  released  or  activated  in  the  course  .it  the  disease  and  metabolites  and  neuioac 
t i\ e  substances  that  normally  ha\e  limited  access  to  the  brain  mat .  under  d\ sbarie  conditions, 
penetrate  the  barrier  at  higher  rates  and  produce  effects  associated  u ith  the  pathogenesis  of 
dysbaric  disorders. 

Finally,  alteration  of  the  BBB  by  compression-decompression  introduces  the  possibility  of  a 
new  approach  in  the  pharmacotherapy  of  the  brain.  The  BBB  constitutes  a  serious  obstacle  in 
the  administration  of  potentially  useful  antitumor  agents,  antibiotics,  and  neuroaelive  drugs 
that,  under  normal  conditions,  do  not  penetrate  the  BBB.  To  pass  across  the  BBB.  antibiotics 
or  other  drugs  should  be  characterized  by  high  partition  parameter  values  (product  of  un¬ 
ionized  fraction  '  partition  coefficient),  which  reflect  the  ability  of  a  drug  to  partition  between 
a  lipid  phase  and  aqueous  solution.  There  is  a  general  correspondence  between  partition 
parameter  value  and  CSF  plasma  concentration  ratio  (Jacobs  1940:  Brodie.  Kurz.  and 
Schanker  l%0).  Drugs  with  low  partition  parameter  values  may  have  to  be  administered 
intrathecally  into  the  cerebrospinal  fluid  to  bypass  the  BBB  (Weinstein  1970). 

Most  efforts  to  overcome  this  difficulty  have  been  directed  to  the  synthesis  of  drugs  with 
properties  that  would  allow  greater  barrier  permeation.  This  approach,  however,  did  not  prove 
successful  in  treating  meningitis,  leukemia,  or  other  brain  disorders  (Rappapoil  1976). 

A  promising  approach  to  this  problem  would  be  to  administer  drugs  under  conditions  that 
increase  BBB  permeability  to  the  administered  substance.  Diverse  chemical  and  physical 
means,  including  bacterial  products,  bradykinin.  gas  embolization,  hypertonic  perfusion,  and 
X  rays,  have  been  reported  to  alter  the  permeability  of  blood-organ  barriers  i  Bouton  1940; 
Broman  and  I.indberg-Broman  1945:  Broman  1949.  Clemente  and  Holst  1954:  Chryssanthou 
and  Antopol  1961:  Chryssanthou  and  Antopol  1965:  Rappaport.  Bachman,  and  Thompson 
1972;  Johansson  1975).  The  observed  increase  in  BBB  permeability  under  dy  sbarie  conditions 
opens  a  new  avenue  of  investigation  that  may  lead  to  effective  and  safe  methods  in  brain 
pharmacotherapy  .  Kncouraging  in  reference  to  this  speculation  is  the  observation  that  the 
BBB  can  be  modified  by  exposure  to  dysbaric  conditions  in  the  absence  of  clinical  signs  of 
decompression  sickness.  The  possibility  that  the  BBB  can  be  altered  by  dysbaric  exposures 
that  present  minimal  or  no  risks  of  producing  dy  sbaric  disorders  merits  exploration. 

The  mechanism  of  BBB  modification  by  dysbaric  exposure  is  still  obscure.  There  are 
observations  that  implicate  intravascular  gas  bubbles  (Johansson  1975:  Chryssanthou  et  al. 
1977).  According  to  the  findings  of  the  present  and  earlier  studies,  however,  the  presence  of 
gas  bubbles  is  not  necessarily  associated  with  clinical  manifestation  of  decompression  sick¬ 
ness.  Gas  bubbles  can  be  "silent”  (asymptomatic)  and  still  produce  BBB  alterations. 


This  work  was  supported  by  the  Office  of  Nava!  Research.  Department  of  the  Navy.  Contract  #NOOOI4-75-C-O.M2.  and 
the  Lenore  Weinstein  Fund.  The  authors  thank  Ms.  G.  Molenge.  Ms.  S.  Marrin.  and  Mr.  i  Rice  for  their  technical  help. 
Mr.  O.  Yalis  for  the  photography,  and  Ms.  E.  McManus  for  her  secretarial  assistance.  —Manuscript  received  for 
publication  April  1979;  revision  received  July  J979. 


C.  Chryssanthou.  B.  Graber,  S.  Mendelson.  et  G.  Goldstein.  I  .a  permeabilile  accrue  de  la  barriere 
**cerebro-sanguine“  des  lapins  a  la  tetracycline  dans  lev  circonstances  dy  shares.  Undersea 
Bromed.  Res.  6.  1I9-32R.  1979.  Vn  changemcnf  de  la  barriere  "cerebro-sanguine “  <B(\Si  efifectue 
par  line  exposition  dysbare  pcut-elre  important  au\  certains  domaincs  de  la  mcdccine  hyperhare 
Les  drogues  adminstrees  uux  personnes  ^ui  ont  ete  exposces  aux  circonstances  d\ shares,  e  g..  Ics 
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plongeurs.  les  ouvriers  tic  I'.m  tompnmi’.  pent  penetrer  Jc  cerveau  cn  quant i tc ^  que  peuvent 
prod u ire  les  effets  toxiques  ou  malseants  l‘ne  modification  de  la  IK’S  pent  avoir  aussi  des  implica¬ 
tions  pathogenes  a  propos  de  la  maladie  de  decompression.  De  plus.  la  permeabilite  accrue  de  la 
BCS  au\  certains  agents  anti-tumeur  potentiellement  utiles.  au\  antibiotiques  et  au\  autres  com¬ 
poses  au\  circonstances  d>  shares  peuvent  tournir  la  fondation  d  une  approche  nouvellc 
therapeutique.  Cc  compte  rendu  concerne  l  intluence  de  ('exposition  d\  share  sur  la  permeabilite  de 
la  BCS  a  une  antihiotique.  Vingl  deux  lapins-cobave  sujele  a  l  air  compression-decompression  et 
1 7  lupins  contrdles  maintenus  a  la  pression  ambiente  ont  subi  des  injections  ininneineuses  de  la 
tetracycline  (5-40  mg  kg),  I  .a  microscopic  fluorescence  et  la  speetrometne  ont  expose  les  concen¬ 
trations  de  la  tetracycline  en  quantile  hcuucoup  plus  important  dans  7 2.?';  des  cerveaux  expen- 
mentaux.  A  une  dose  de  5  mg  kg.  la  concentration  movenne  de  tetraev  cline  a  etc  0  I  “  /xg  g  parmi  Ics 
cerveaux  contrdles  et  0.35  /ig  g  parmi  les  cerveaux  experimental^.  Ces  resultats  indiquent  que 
I'exposition  dy  share  augmentenl  la  permeahilite  de  la  BCS  a  la  tetraev  cline.  II  apparait  que  le 
changement  de  la  BCS  se  rapporte  aux  boules  intravasculaires  du  ga/  mais  esi  independante  du 
developpement  de  la  maladie  de  decompression.  I.es  conclusions  de  cette  enquetc  se  rapportent  a 
la  pharmacotherapie  du  cerveau  et  peuvent  tournir  des  considerations  nouvelles  che/  le  mecanisme 
de  la  maladie  de  decompression,  lls  entrainent  aussi  aux  risques  potentiates  qui  se  rapportent  a 
l‘ administration  des  drogues  dans  les  circonstances  dyshares  qui  peuvent  changer  la  permeabilite 
de  la  BCS 


ha  me  re  *  cerebro- sanguine' 
alteration  de  l»t  harnere 
permeabilite  accrue  du  cerveau 

risques  des  drogues  dans  les  circonstances  dyshares 
compression-decompression 


maladie  de  decompression 
boules  intravasculaires  du  ga/ 
lupins 

exposition  dy share 
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39  MODI F I  CAT  I  ON  OF  I H  £  BLOOD-BRAIN  BARRIER  BY  SMOOTH  MUSCLE 
ACTING  FACTOR  (SMAF).  C_.  Chrys;anthou,  R.  Kcrsh*  and 
M.  Narjjlotta^.  Beth  Israel  Medical  Center  and  Mount  SlnaJ 
School  of  Medicine  of  the  City  University  of  N. York, N.Y.  10003. 

Dysbarlc  exposure  and  air  embolization  increase  blood-brain 
barrier  (8BB)  permeability  to  vital  dyes  and  drugs.  Modifica¬ 
tion  of  the  8BB  Is  relevant  to  the  pharmacotherapy  of  divers 
and  compressed  air  workers  and  may  have  pathogenetic  implica¬ 
tions  in  decompression  sickness  (DS).  Chemical  mediators  re¬ 
leased  or  activated  by  gas  bubbles  have  been  considered  as 
factors  in  the  development  of  BBB  alteration  by  dys baric  ex¬ 
posure.  The  previously  described  smooth  muscle  acting  factor 
(SMAF),  which  increases  vascular  permeability,  is  activated  by 
compression-decompression  in  vivo  and  by  air  bubbles  in  vitro. 
In  view  of  the  above,  the  possible  effect  of  SMAF  on  the  BBB 
was  explored.  Each  of  8  experimental  and  9  control  rabbits 
were  intravenously  injected  with  80 mg/kg  trypan  blue;  30  min. 
later  they  received,  under  nembutal  anesthesia, an  Intracarotid 
dose  of  5  rng/kg  SMAF  (experimentals)  or  an  equal  volume  of  0.9% 
NaCI  (controls);  one  hour  after  dye  injection  the  brain  was 
perfused  with  0.9^  NaCI  to  flush  out  blood  and  then  removed 
for  microscopy  and  dye  extraction.  The  mean  dye  c on c e n t r a t i on 
in  the  brain  was  1  2  .  3  U  g  /  g  tissue  in  experimental  animals  and 
3 . 8  vi  g / g  tissue  in  controls  (P<0.00l).  Dye  was  microscopically 
detected  in  frozen  sections  of  experimental  brains  but  not 
in  controls.  These  results  indicate  that  SMAF  increases  BBB 
permeability  suggesting  that  SMAF  may  be  implicated  in  dysbar- 
ic  modification  of  the  BBB.  (Supported  by  the  Office  of  Naval 
Research,  Department  of  the  Navy,  Contract  H N000 1  U - 75 - C - 0 3 1 2 . ) 
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BIOCHEMICAL  EFFECTS  OF  PRESSURE, 
INERT  GASES,  OXYGEN 


REVERSIBILITY  OF  DYSBARIC  ALTERATION  OF  THE  BLOOD-BRAIN  BARRIER. 

C.P.  Chryssanthou,  R.  Fuhrer*  and  D.  Higgins*.  Beth  Israel  Medical 
Center  and  Mount  Sinai  School  of  Medicine  of  the  City  University  of  New 
York,  N.  Y.  10003. 

It  has  been  reported  that  blood-brain  barrier  (BBB)  pc-rii.eabil  ity  in 
rabbits  can  be  Modified  by  exposure  to  dysbaric  conditions.  These  obser¬ 
vations  were  confirmed  by  other  laboratories  in  studies  on  rats  and 
guinea  pigs.  The  present  investigation  deals  with  the  reversibil ity  of 
dysbaric  BBB  alterations.  A  total  of  40  rabbits  were  subjected  to  90 
psig  air  pressure  for  12  min  and  then  stage  decompressed  to  sea  level  in 
40  min.  They  were  divided  into  4  groups  of  13,  6,  5  and  16  animals  which 
were  intravenously  injected  with  2 %  trypan  blue  (4  ml/kg)  immediately, 

6,  16  and  24  hours  after  decompression  respectively.  The  animals  were 
sacrificed  90  minutes  after  dye  injection.  Dye  penetration  of  the  BBB 
was  determined  by  extraction  and  colorimetric  measurements  of  dye  concen¬ 
tration  in  brain  tissue  and  by  microscopic  examination  of  representative 
brain  sections.  Mean  dye  concentration  was  26.2  meg/g  brain  tissue  in 
animals  injected  immediately  after  decompression  and  12.2  meg/g  in  the 
group  injected  24  hours  later  (P<0.02).  Microscopic  examination  also 
revealed  lesser  penetration  of  dye  with  longer  intervals  between  decom¬ 
pression  and  dye  injection.  The  results  suggest  that  dysbaric  alter¬ 
ation  of  the  BBB  is  reversible.  These  observations  are  pertinent  to  the 
question  of  possible  risks  of  toxicity  or  undesirable  CNS  effects  in 
divers  and  compressed  air  workers  receiving  drugs.  Modification  of  the 
BBB  by  dysbaric  exposure  and  its  reversibility  may  also  have  potential 
applications  in  brain  pharmacotherapy.  (Supported  by  the  Office  of 
Naval  Research,  Department  of  the  Navy,  Contract  *ND0014-75-C-03I2) . 


EFFECTS  OF  HYPERBARIC  NORMOX1C  EXPOSURE  ON  BRAIN  GLUCOSE  PHOSPHORYLATION 
AND  BLOOD-BRAIN  BARRIER  GLUCOSE  TRANSPORT.  T.  Obrenovi tch*  and  F.  Brue*. 
C.E.R.B.,  H.I.A.  Sainte  Annp  Tn„i™  nn  -- 


